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MEASUREMENTS IN LIQUID FUEl, SPRAYS

Norman Chigier

Department of Mechanical Engineering

Carnegie-Mellon University

The goal of our research on the measurement el liquid fuel sprays is to study

the effects of atomizer design and to characterize the atomization and vaporization

processes in sprays under well controlled conditions. The scope of this study is

limited to the events directly preceding combustion in the liquid fuel sprays.

° Measurement techniques are being used to provide information as a function of space

and time on droplet size, shape, number density, position, angle of flight and

velocity. Three spray chambers have been designed and constructed for: (i) air-

assist liquid fuel "research" sprays; (ii) high pressure and temperature chamber for

pulsed diesel fuel sprays; and (iii) coal-water slurry sprays. Recent results utiliz-

ing photography, cinematography, and calibration of the Malvern particle sizer are

reported. Systems for simultaneous measurement of velocity and particle size dis-

tributions using Laser Doppler Anemometry/Interferometry ard the application of holo-

graphy in liquid fuel sprays are being calibrated.

Parker tlannifin has designt,d an air assist swirl atomizer for use in basic re-

search studies at several universities (Carnegie-Mellon, Purdue, UC/IIvine). This

atomizer has been fitted into the basic research spray chamber in which uniform low

turbulence intensity air flows vertically downward. Tire liquid fuel spray is in-

jected downward along with the uniform air f]ow. Detailed measurements of the dis-

tributions of particle size, particle velocity, and gas velocity will be made through-

out the snrays under conditions of welt controlled initial and boundary conditions.

Design and construction of the high pressure and high temperature swirl chamber

has been completed to withstand maximum pressures of 60 arm. and maximum temperatures
of 370°C. Two quartz windows, 89nml in diameter, are fitted to the chamber for opti-

cal access. An electromagnetically controlled pulsed diesel injector has been

operated with the chamber and preliminary photographic studies have been made. The
air-assist swirl atomizer will, at a later stage, be installed in this high pressure
chamber.

The coal-water slurry spray test facility was operated with a Parker Hannifin
counter swirl atomizt, r tt, investigate fundamental ['rot'esses leading to combustion

: of coal-water slurries. This rese:rrch is focused o11 two :rreas: the vaporization of

water and the devolatilization of the coal particles in the spray. Preliminary

: studies on drop size, shape, and distribution were made using photography, cine-

matography, and the Malvern particle sizer, lligh quality images of commercial coal- :
water (70', to 30',', concentration) slurry spray at various atomizing air pressure and

slt, rry feed rate have been made. The magnificatio,r of these pictures is 8.4 times
lifesize and is about l inch distance from the nozzle tip. The spray appeared very

dense in the photographs. Tire smallest particle/droplet size that can be distin-

guished on the edges of the spray is in the order of 40-50 microns. There is evi-

dence of low-frequency pulsations in the spray in both photographic and high speed

cinematographic results.

Samples of diluted cual.-w;ltt, r slurry were measured by the Malvern particle
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si::cr for size distribution. The results showed that tile co,ll particle SHI) fell

within tilt, size r,nlre of 2 microns to 1.5 mi,'rons for an obscuration ranging trom
|) to t)[} 1-_, ).C i,ii [ •

"l'hc beh,lvior el the H,llw, rn 2200 p4rticle slzer was investi),ated by analyzing
,i non-v,lryin,: c,_libr,ltion reticle t_roduced bv I,ascr-Electro optics. Some of the

import,lnt p,lrameters v,|ried durin)', tilt, experiment were'- photomask tilt angle,

distance between photom,lsk ,lnd receiver lells, ;llld receiver lens focal lengtil. All
of tllese variables proved to be Vel'y crtlc{a], ill tilt, determination of size distribu-
t ioll b\' the Malvel'll.
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Fuel: 50% Ethylene Glycol, 50% Water by volume•

Fuel pressure: 20 psi, _lozzle. 60 degree solid cone.
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Fuel: 50% Ethylene Glycol, 50% Water by volume.

Fuel pressure: 21 psi, Nozzle: 60 degree solid cone.
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Fuel: 50% Ethylene Glycol, 50% Water by volume.

Fuel pressure: 40 psi, Nozzle: 45 degree solid cone.
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Fueh 50°/- Ethylene (;lycoi, 50% Water by volume.

Fuel pressure: 81) psi, Nozzle: 45 degree solid cone.
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; Slur_: 360 Ib/hr, 42 psi: Air. 73 psi
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Slurry: 500 Ib/hr, 48 psi; Aim 45 psi

12

1984012457-018



3

OF POC,R QUALI"I't_

Slurry: 500 lb/hr, 72 psi; Air. 162 psi
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FUEL SPRAY DIAGNOSIICS

Maria A. Bosque
NASA Lewis Research Center

In understand the combustion process of liquid reactants, it ls necessary
to obtain information about the distribution and atomization of the injected
liquid phase. Turbulence and relative velocities between the fuel's gas phase
and liquid droplets affect the evaporation, burning rate and pollutant forma-
tlon. Thls wlll affect other combustor performance parameters such as combus-
tion efficiency, pollutant em_sslons and combustion stability. The measurement
of size and velocity distribution of the liquid injected Into the combustor is
of vital necessity, lhe experimental data wlll be used by numerical modelers
in deriving mathematical relationships that will describe the combustion
process.

Several laser measurement methods are being studied to provide the capa-
blllty to make droplet size and velocity measurements under a variety of spray
conditions. The Droplet Sizing Interferometer (DSI) has promised to be a suc-
cessful technique because of Its capability for rapid data acquisition, com-
pllatlon and analysis. Its main advantage is the ability to obtain size and
velocity measurements in alr-fuel mixing studies and hot flows.

lhe existing DSI at NASA Lewis is a two-color, two-component system. Two
independent orthogonal measurements of size and velocity components can be made
simultaneously. It also uses an off axis large angle light scatter detection.
lhe fundamental features of the system are optics, signal processing and data
management system, lhe major component include a transmitter unit, two
receiver units, two signal processors, two data management systems, two Bragg
cell systems, two prlnter/plotters, a laser, power supply and color monitor.

lhe laser diagnostic investigationwill consist of various experiment
configurations for fuel nozzle characterization tests. Water will be used as
a fuel substitute. General probe volume positions will be obtained for mapping
the fuel nozzle flow distribution and variations with test conditions. A fuel
nozzle/swlrler combination will simulate fuel/alr mixing characteristics; _mall
particles wlll be used for seeding the flow field.

Iwo contracts have been awarded for further development and improvements
to the system, lhese contract efforts promise to extend the size range capa-
bllity, reduce beam alignment difficulties and reduce the system sensitivity
to laser beam Quality and differences in the relative intensity of the beams.

RE_ERENCES

I. Bachalo, W. D.; Hess, O. F.; and Hartwe11, C. A.: An Instrument for Spray
Droplet Size and Veloclty Measurements. J. Eng. Power, Vol. 102, No. 4,
Oct. 19B0, pp. 19B-806.
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2. Bachalo, W. O.: Method for Measuring the Size and Veloclty of Spheres by
Dual-Beam Light-Scatter Interferometry. Applied Optics, Vol. 19, p. 363,
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: DEVELOPMENT AND IMPLEMENTATION OF ADVANCED

DIAGNOSTIC TECHNIQUES*

Cecil F. Hess

Spectron Development Laboratories, Inc.

The objectives of this work are to establish the performance and

; l£mitations of two oFtical techniques for spray characterization, and to design

: and build an instrument based on these techniques.

Two techniques have been identified which offer great potential in the

measurement of sprays. The first is referred to as "IMAX", and it consists of

a nonintrusive pulse height analyzer. The second is referred to as "Visibil-

ity/Intensity (V/I)' and it performs a size measurement by examining the visi-

bility and the pedestal intensity of a Doppler burst. The research conducted

over this past year indicates that the IMAX technique provides a larger dynamic

range and hig1_er accuracy than V/1. It also shows that the two-color IMAX

concept provides a higher S/N primarily because of the high efficiency in

spectrally separating the two signals.

The two-color IMAX copcept is described in Figure la. Two small beams of a

given wavelength (4880h) are crossed in the middle of a larger beam of differ-

ent wavelength (5145A) thus identifying a region of almost uniform intensity

within the large beam. The two small beams will interfere where they cross and

a fringe pattern will be formed in the middle of the large beam. Droplets

crossing the fringes also cross the middle of the large beam. Since the peak

intensity of the large Gaussian beam is known, a unique relationship between

droplet size and scattered light is established. The velocity of the droplets

is a]so measured using the classical Doppler approach. Figure Ib shows a

schematic representation of the breadboard system used to acquire the reported

data.

The size distributio,_ of two kinds of sprays are reported here. The first

is produced by a Berglund-Liu droplet generator with dispersion air. Monodis-

perse, bimodal, and trimodal sprays with an ang]e of about I0 ° were thus pro-

duced, and the res,,lt_ are shown on Figure 2a. The theoretically predicted

sizes are 49 pm, 62 pro, and 70 _m, respectively. Good accuracy and resolution

can, therefore, be observed. The second spray was produced by a pressure

nozzle. The results are shown on Figure 2b. In order to test the resolution of
the system, data were obtained using three different size ranges: 5 to 50 pro;

_ I0 to ]01) _im; and 20 to 200 _m. This is one of the most difficult self-

consistency tests imposed on any technique, and most available techniques will

show a shift in the predtcted data. IMAX shows excellent matching of the data.
%

The Visibility/Intenslty Technique is described in Figure 3. This technl-

qua _ikes use not only of the visibility of a Doppler signal but also the peak

>_ intensity of the pedestal. Both parameters are available in the signal and

their cross-correlatlon can be used to eliminate faulty signals produced in

many practical environments. This technique will especially prevent small

*Contract No. NAS3-23538

23 I'I(ECEDINC PAGE BLANK NOT FILMED

"_GI__.____.IIITENTIONALLYBLAIIW

1984012457-027



i
4
! particles (high visibility) from appearing as large. Figure 3 shows a Doppler
i

,! trace where both the visibility and the peak intensity of the pedestal are
indicated. There is a relationship between the size of the droplet and the

amouut of scattered light given by Mie theory. This relationship can be used

to eliminate siguals with all apparently different size by using the following

logic: Droplets that produce a certain visibility are associated with a given

size; hence, they should scatter light with a given intensity (characterized by

i ). Two exceptions are contemplated: First, droplet with the correct vlsl-

b(lity will scatter different amounts of light due to the (;aussian nature of

the probe w)lume's intensity; second, droplets with an erroneous visibility

' will not scatter light with an intensity corresponding to their apparent size.

t Results for both Visibility/Intensity aud visibility only are shown in :

: Figure 4. Figure 4a shows the data of the spray formed of primary droplets and

doublets. Figure 4b shows results similar to Figure 4a but obtained with

visibility only. Notice how rmch broader the later distributions are. Figure

4c shows a spray containing primary droplets, doublets and triplets. Figure 4d

shows results similar to Figure 4c but obtained with visibility only. Notice

that the later distribution is broader and the resolution is not as fine.

• Both the accuracy and resolution of these measurements are very good. The
; theoretically predicted sizes are b3 _m, 66 _m, and 76 _m. The corresponding

measured diameters are (52 to 54), (63 to 65), and 73 _m.

Larger errors (about 20%) can he expected when measuring the size at a

higher visibility (80%).

: Based on the show- concepts, an Adw_nced Droplet Sizing System (ADSS) was

developed, l'hotographs of the optics and electronics are shown in Figore 5.
Very exhaustive tests are presently beln_; conducted to establish and ensure the

performance of the ADSS.

1984012457-028
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Figure 5. Electronic Components and optical

Heads

o£ the Advanced Droplet sizing System !
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ANALYSIS AND TESTING OF A NEWMETHODFOR DROPSIZE AND VELOCITY

MEASUREMENTSUSING LASER LIGHT SCATTERINTERFEROMETRY

W. D. Bachalo
Aerometrics, Inc.

Research was conducted on a laser light scatter detection method for measuring
the size and velocity distributions of spra) drops. The work was motivated by the
need for accurate fuel spray data in a variety of research and development activities
related to combustion applications. Presently, there is considerable interest in
obtaining measurements of the fuel drop and air motions within the spray combustor.
It is known that the turbulent motions influence the reactions by increasing the oxy-
gen supply to the burning fuel. Thus, the droplet size and velocity distributions
are imnortant data to be obtained when characterizing the combustion process. The
need for simultaneous size and velocity measurements has been recognized for even
general characterizations of sprays. This is especiaily true when the nozzles are
operating in turbulent flow environments or when the nozzles generate drops that are
moving at relatively high velocities and subsequently relax to the ambient flow
speed in accord with their initial momentum.

The requirement for simultaneou_ measurements of drop size and velocity has led
to the combination of the laser Doppler velocimeter (LDV) with various particle siz-
ing methods1,.', _. However, experience has shown that the available methods are
adversely affected by the measurement environment. The conditions include high drop
number densities, beam attenuation by the surrounding drops and optical access ports,
and the presence of small combustion generated particulate. Many of these measure-
ment limitations have been eliminated by deriving a method that performs the measure-
ments independent of the beam intensity.

The method consists of an optical system which is the same as a LDV except that
three detectors are located at selected spacings behind the receiver aperture. Drops
passing through the intersection of the two beams scatter light which produces an
interference fringe pattern. The temporal frequency of the fringe pattern is the
Doppler difference frequency which is linearly proportional to the drop velocity
whil, the spatial frequency is linearly related to the drop diameter. The spacing of

i the frinqes is also dependent upon the light wavelength, beam intersection angle,drop refractive index (unless reflected light is measured), and the location of the
receiver. Measurement of the spacing of the fringe pattern produced by the scattered

! light may be achieved by placing pairs of detectors at selected spacings in the
fringe pattern or its image. As the fringes move past the detector at the Doppler

, difference frequency, the detectors produce identical signals but with a phase shift
proportional to the frinqe spacing. The utilization of three detectors ensures that
phase ambiquity does not occur, provides redundant measurements for signal valida-
tion and allows an expanded operating range while maintaining good sensitivity.

An experimental effort was conducted to verify the theoretical analysis, eval-
uate signal phase processing methods, and investigate the effects of signal quality
upon the measurements. The optical system was arranqed to provide the flexibility

3_
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needed in evaluating the parameters that influence the measurements. Only two detec-
tors were used in the present investigations. After investigating several signal
processing concepts, a breadboard processor was developed and interfaced to an IBM
microcomputer. Simultaneous phase and Doppler period measurements were made and
transmitted to the computer to form size and velocity distributions.

Several drop sources were used to establish the test conditions. A Berglund-Liu
generator was used to produce monodisperse drop streams. The monodisperse stream
could be directed through various parts of the measurement volume. Several spray
nozzles were also used including pressure atomizers of moderate flow rates, high
volume nozzles that produced large drops and spinning disk atomizers that produced
small drops in a narrow distribution.

Initially, tests were performed using the monodisperse drops to verify the theo-
retical analysis. The results obtained were in complete agreement with the theory
for all of the optical parameters tested. The parameters included the laser beam
intersection angle, the detector spacing, aad light scatter detaction angle. Off-
axis backscatter was also evaluated. These tests showed that the light scattered
internally was measured when the drops were transparent. Dye was used to produce
opaque drops which then resulted in the measurement of reflected light. Measure-
ments based on reflected light can be made independent of the drop index of refrac-
tion.

Spray interference effects were evaluated by passing the laser beams through the
spray and measuring the monodisperse drop stream. This had an insignificant effect
on the measurements. The small differences observed were in most part a result of
the spray interference with the monodisperse droplet stream. The effect of the
attenuation of the individual laser beams was tested by attenuating one of the beams
by 90%. Such attenuations can occur, for example, when large drops pass through the
beams outside of the measurement volume. As expected, this had no effect on the
measurements.

Sprays were measured to assess the performance of the basic system in real
environments. In the first case, the spinning disk atomizer was used to generate
drops in the small size range. Measurements were obtained at three size range set-
tings and the results compared to determine the consistency of the data. The agree-
rnent was good and the mean size agreed with the rLsults obtained with other methods.
Direct comparisons were also made of the measurements obtained in a spray qenerated
by a pressure atomizer. The data obtained by Delavan Inc. and our method showed
good agreemert of both the mean size and the distribution.

i

In sun_ary, the recognized characteristics of the method are:

, linear relationship between the measured phase angle and drop size

• size range of approximately lO0 at a single optical setting

• simultaneous size and velocity measurement

• relative insensitivity to beam or light scatter attenuation

• high spatial resolution

• operation is similar to an LDV
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• adaptable to existing LDV systems

• can perform measurements independent of refractive index

An instrument is currently being developed for delivery to NASA Lewis. Develop-
ment work is continuing on the refinement of the analysis, sample volume characteri-
zation, and the mass flow measurement capability. Further evaluations of the method
will be made in combustion environments. The development of the technology for per-
forming two-component velocity measurements in two-phase flows is required.
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MIqASUREMENT OF SPRAY COMBUSTION PROCESSES*

C. E. Peters, E. F. Arman, J. O. llo-nkohl and W. M. Farmer

Appl ,,d Physics Research Group

The Univers_cy of Tennessee Space Institute

i

The obiectives of tilts planned three-year investigation of spray combustion

processes include tile following,:

(I) Makin_ measurements of noncombusting spray fields to aid in

: developing adequate computational models of the dynamic interaction

between the droplets and the turbulent gas phase.

(2) Making measurements of hydrocarbon-air spray flames to provide
benchmark results that can be tlsed in the verification and refinement

of numerical models of the entire spray combustion process.

(J) Developing teclmiques for making laser measurements in typical

spray combustion environments, along with techniques for acquiring,

processing, displayin>;, and interpreting the data.

The free jet configuration selected for the experimental study is shown in

figure 1. The central droplet-air jet is the exhaust from a plain-jet atomizer

of the type investigated by la_rei::'.etto and Lefebvre (ref. l). At a nominal air

velocity of 100 m/s, the atomizer provides a Sauter mean droplet diameter of
60.-80 tim. The diameter of tilt centerbody is 5.4 cm, the diameter of the atomizer

nozzle exit is 1.27 cm, and tile diameter of the outer nozzle exit is 45.7 cm.

For the combt.st[on _:xperiments, the recirculation zone formed downstream of the

centerbody acts as .l flameholder.

(]Ollvent[otl_tl prt'.<;,qure, tempt'r,iture a,ld flowrate instrumentation is used to

monitor ;ttld control the expt, rtment.ll apl)aratus. The gas velocity field in the

turbulent spriy zone is measared with a laser w, locimeter (LV) system, which yields

two components ,)t the instdntaneous velocity vector of a small seed particle in

r_he optical probe w) lume. A schem, ttic diagram ot the UTSl-developed LV system
(rel. 2) is shown in figure 2. The rel:ttiveiy large droplets from the atomizer

cannot bt, /tSSUllled to be in dynamic equilibrium with the gas phase; consequently,

aimplitude discrimination is u'_ed to t'llminate those light-scattering events that
result from large particles in the probe volume. (The diameter of the seed

particles is only abo'.t 2 lira.) gs[tW this LV technique to measure many light-

scatterin_ events lot a given position of the probe volume, one can determine

two components o, the mean gas velocity vector :is well as the variances and the
covar lance.

The large-droplet size and number density, along with one component of the

velocity, are measured witll the Particle Si-in_ lnterferometer (PSI) technique

initially proposed by W. M. Farmer (ref. J). A schematic diagram of the PSI system

developed ,it U f.ql is shown in figure _.
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In the hydrocarbon spray combustion experiments, space and time-resolved

measurements of temperature and species number density will be made with either

laser-Raman or laser-fluorescence techniques. The equipment required for these

measurements is already available at UTSi. These measurements will be made with

the col laborat ion of Prof. J. W. L. Lewis.

The first year of this research program was devoted to preparing the experi-

mental equipment. A pictorial view of the new spray combustion facility is shown 4
in figure 4. This facility was designed, the required components were procured

and/or fabricated, and the facility was installed in one of the UTSI laboratories.

The outer air flow is drawn from tile atmospher_ by a fan located in the downleg

, of the facility; a variable-speed DC fan-drive motor provides well controlled

bellr_outh exit speeds up to approximately Ii m/s. As shown in figure 4, turning

vanes and screens are used to provide a nearly uniform flow a_ the bellmouth

entrance. The atomizer air is supplied by the UTSI low-pressure compressor sy3tem,

which provides up to 0.2 kg/s of air flow at pressures up to i0 atm. After passing

through a pressure regulator, the atomizer air passes through a choked venturi,

which is used to provide an accurate measurement of the flow rate. The atomizer

liquid (either water or hydrocarbon fuel) is supplied from a nitrogen-pressurized

tank located in a heated enclosure ouLside the irboratory. The pressure drop

across a parallel array of capillary tubes is used to determine the liquid flow rate.

Not shown in figure 4 is the optlcal table on which the various laser mea._ure-

ment systems are mounted. This table, which is located beneath the freejet test

section, provides translation [n three directions; a total axial travel of

approximately 75 cm is avai|_ble.

At present (February 1984), all subsystems of the spray combustion facility

are operational. All the conventional instrumentation systems have been calibrated

and the microcomputer soltware for processing the signals has been develope¢l. The

LV system has been inst_411ed and aligned, and all other preparations have been made

for commencing the water-droplrt experiments. We plan to complete the LV and PSI

measurements on the water-droplet system in mid-1984. At that time, the hydrocarbon
combustion experiments wit1 be initiated.
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AUTOMATIC HOLOGRAPtlIC DROPLET ANALYSIS

FOR LIQUID FUEL SPRAYS*

Alan C. Stanton, Gerald W. Stewart and H. John Caulfteld

Center for Chemical and Environmental Physics

Aerodyne Research, Inc.

:. Substantial attention _,,,s been directed toward both modeling and experi-

mental characterization of liquid fuel sprays 111 order to develop a fundamental

understanding of the fluid mechanical and chemical Interactions which govern the

combustion process in these two-phase flows (ref. I). Two critical parameters

: needed to characterize spray combustion are the size and velocity distributions

of the fuel spray droplets. Several laser-based optical techniques, including

scattered Intensity, laser tnterferometry, and laser velocimetry, have been

applied in recent years to measurements in fuel sprays (ref. 2). An alternative

approach is holographic analysis of sprays, in which the three dimensional

spatial distribution of droplets is recorded in a hologram for subsequent

analysis (ref. 3). For such an approach to be practical, however, an automated

system for analysis of the holograms Is required. The goal of the present re-

search program is to demonstrate an automated approach for droplet hologram anal-

ysis and to Identify critical requirements for adaptation of thls technique to

measurements in spray combustion systems.

The basic scheme for automated holographic analysis involves an optical sys-

tem for reconstruction of the three-dimenslonal real image of the droplet field,

a spatial scanning system to transport a digitizing x-y image sensor through the

real image, and processing algorithms for droplet recognition which establish the

droplet sizes and positions. The hardware for this system Is straightforward.

In the present demonstration experiment, we are utilizing the expanded and colli-

seated beam from a 5 mW helium-neon laser for hologram reconstruction, an Imaging

lens for magnlficatton of the real image field, and a video camera and digitizer

providing _12-by-512 p/xel resolution with 8-blt digitization. A mechanical

stage is used to scan the hologram in three-dlmenslonal space, maintaining con-

stant image magnification. A test droplet hologram provided by Dr. Michael

Farmer of the University of Tennessee Space Institute is used for development and

testttlg of the image processing algorithms.

For the case of fuel sprays, where the llquid droplets may be assumed spher-

ical, the image processing problem is sl,nplifled In that there Is no rotational

degree of freedom, and special edge-tracking algorithms for tracing the boundary

ii of complicated shapes are not required. The problem reduces to one of recognlz-

Ing droplets by comparing pixel intensities against a threshold level which Is

;! selected o,1 the basis of the average droplet and background Intensities. The

droplet location in three dimensional space is then established by finding the

._ position of best focus In the image field. We are studying two approaches for

finding the best focus. In the simpler approach, the droplet image areas are

*Work performed under Contract No. NAS3-24094 with C. Neeley of NASA Lewis

Research Center as program monitor.
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determined at successive bnage planes by counting the (Lumber of pixels above

threshold. The plane with the smallest image area is the best focal plane. The

second approach, which is expected to be more sensitive, analyzes intensity gra-

dients by examining intensity differences between adjacent plxels at the image

boundary. The image plane with the sharpest intensity gradients Is chosen as the

plane of best focus.

An extension of this technique, which we anticipate will be explored in a

future phase of the program, is the determination of droplet velocities and tra-

< jectorles by the use of multiple exposure holograms (ref. 4). In thls approach,

a pulsed laser is used to create a hologram by two or more exposures at well-4
known intervals. The droplet image locations in the reconstructed hologram are

determined using the boundary-deflnlng algorithms described above. Finally, sta-

tistical pattern recognition techniques would be used to associate droplet image
locations at later times with their locations at earlier times.
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PREDICTIONS OF SPRAY COMBUSTION INTERACTIONS*

J-S. Shuen, A.S.P. Solomon and G. M. Faeth

The Pennsylvania State University

Measurements were completed in dilute particle-laden jets, nonevaporatlng

sprays and evaporating sprays injected into a still air environment. The flows
are stationary, turbulent, axisymmetric and conform to the boundary layer

approximations while having well-deflned initial and boundary condltlons--to
facilitate use of the data for evaluation of analysis of the processes. Mean

particle (drop) sizes were in the range 2-210 microns over the entire data base.
The following measurements were made (as appropriate for the flow): mean and

fluctuating phase velocities; mean particle mass flux; particle size; and mean

gas-phase Reynolds stress, composition and temperature. Three models of the

processes, typical of current practice, were evaluated using both exlst.ng and
the new data: (I) a locally homogeneous flow (LHF) model, where interphase

transport rates are assumed to be infinitely fast; (2) a deterministic

separated flow (DSF) model where finite interphase transport rates were
considered but effects of turbulence/drop interactions were ignored; and (3) a

stochastic separated flow (SSF) model where effects of finite Interphase

transport rates and turbulent fluctuations were treated using random sampling

for turbulence properties in conjunction with random-walk computations for

particle (drop) motion. All three models used a k-e-g model for the continuous

phase--which performed well in earlier studies of single-phase jets. The LHF
and DSF models did not provide very satisfactory predictions over the present

data base. In contrast, the SSF mo_.el generally provided good predictions and

appears to be an attractive approach for treating nonlinear interphase

transport processes in turbulent flows containing particles (drops). Current
work is considering measurements and analysis of comuusting sprays.

!

INTRODUCTION

The main objective of this investigation was to complete measurements of

the structure of dilute particle-laden Jets and sprays in order to support

development of analysis of these processes. Test configurations involved

injection into still alr, yielding stationary, turbulent, axisymmetrlc flows,

having well-defined initial and boundary conditions, which conform to the

boundary layer approximations. The complexity of Interphase transport was

increased systematically, considering particle-laden jets, nonevaporating _"

sprays, evaporating sprays and combustlng sprays, in turn. In order to insure

that appropriate measurements were made, model development was also

*NASA Grant No. NAG3-190 with R. Taclna of Lewis Research Center serving as

NASA Sctentiflc Officer. _
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undertaken--considering methods typical of current practice. The results of

the study have application to the development of rational design methods for

aircraft combustion chambers as well as other devices involving spray

evaporation and combustion.

iJ The following description of the study Is brief. Full details and a
complete tabulation of data can be found in papers, reports and theses

completed under the study (refs. 1-11). Studies of sprays and partlcle-laden 3

jets have recently been reviewed by one of us (refs. 12 and 13) and this

discussion will not be repeated here. Based on these reviews, _nd others cited

therein, there is general agreement that a most pressing need fo,"gaining a

better understanding of spray processes is the creation of a well-deflned set

of measurements of the structure of these flows--motivatlng the present

investigation.

In the following, experimental and theoretical methods are described first

of all. This is followed by a discussion of results already completed for

partlcle-laden jets, nonevaporating sprays and evaporating sprays. The paper
concludes with a brief discussion of current wor_ being undertaken in

combustlng sprays.

EXPERIMENTAL METHODS

Test Apparatus

The same test configuration was used for the partlcle-laden Jets and

nonevaporating and evaporating sprays, of., figure I. The injector was

directed vertically downward within a screened enclosure. The injector and

enclosure were traversed, since optical instrumentation was mounted rigidly.

An exhaust system was used, to prevent reclrculation of fine particles,

however, its operation had negligible influence on flow properties at the
measuring station.

Test conditions are summarized in tables I and II for the particle-laden

Jets and the sprays, respectively. In each case, an air jet from the same

injector was also tested, in order to establish test procedures by comparison

with existing measurements. The partlcle-laden jets were essentially

monodisperse with particle diameters in the range 79-207 microns while the

sprays had Sauter mean diameters (SMD) in the range 30-87 microns. In general,
measurements were confined to dilute regions of the flow where void fractions

exceeded 99%. All the flows were turbulent, with initial jet Reynolds numbers

exceeding 10000.

Instrumentation

A sing'e-channel laser-Doppler anemometer (LDA) was used to measure mean

and fluctuating velocities of the continuous phase. High concentrations of

seeding particles were used to avoid biasing due to flow particles (in the

following, "particle" is used to represent "drop" unless the distinction is

important). Data densit|es were high so that measured quantities could be

tlme-averaged. The LDA was also used to obtain mean and fluctuating particle
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velocities in the partlcle-laden Jets--after terminating the flow of seeding
particles.

Double-flash photography was used to check LDA measurements of particl_

properties in particle-laden jets and to measure drop size and velocity
correlations in the sprays. Drop size distributions obtained in this manner

were corrected for depth-of-focus bias. Drop size distributions were also

measured by slide [mpaction-.-corrected for Reynolds number bias. Finally, a

Malvern particle sizer, which operates by Fraunhoffer diffraction of a laser

beam, was used to monitor drop size distributions in the nonevaporating sprays,
however, this instrument was ineffective in the evaporating sprays due to beam
steering by gas-phase density gradients.

Mean particle mass flux and liquid flux in the nonevaporating sprays were

measured by isokinetic sampling at the mean gas velocity using a diverging

probe. Isokinetlc sampling with a heated probe, followed by analysis with a
gas chromatograph, was used to measure mean total Freon-11 concentrations in

the evaporating sprays. A shielded flne wire (25 micron diameter) thermocouple
was used to measure mean gas-phase temperatures in the evaporating sprays. An
impact plate was used to measure injector thrust.

Measurements in the partlcle-laden .lets were conducted for x/d = 1-50,

where x is distance from the injector and d is the injector diameter. Adequate
spatial resolution for the sprays could only be achieved for x/d - 50 with

measurements extending to x/d = 500-600, due to the small exit diameter of the
injector. For all test conditions, baseline calibration tests were conducted

to establish predictions of transport rates to individual particles (drops).

THEORETICAL METHODS

General Description

Three models were considered: (I) a locally homogeneous flow (LHF) model
where interphase transport rates are assumed to be infinitely fast, (2) a
deterministic separated flow (DSF) model where finite interphase transport
rates were considered but effects of turbulence/drop interactions were ignored;
and (3) a stochastic separated flow (SSF) model where finite interphase
transport rates and interactions between drops and turbulent fluctuations '_ere
treated using random sampling for turbulence properties In conjunction wlth
random-walk computations for particle (drop) motion. A k-c-g model was used to

i find properties of the continuous phase for all three models, since this

approach provided good structure predictions for single-phase jets (ref. 12).

The test conditions corre3pond to steady, turbulent, axisymmetric boundary

layer flows having low Math numbers where effects of ,Iscous dissipation of the

mean /'low and radiation are small. Other assumptions vary for the LHF, DSF and

SSF models and will be treated separately in the following.

i LHF Model

The LHF approximatiou implies that both phases have the same velocity and

a-e in local thermodynamic equilibrium at each point in the flow--which is only
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exact ('or ingiqltely-smal[ particles. Therefore, the flow corresponds to a

single-phase fluid with an unusual equation or ntate due to the presenee of

particles. The analysi._ employed Favre (mass)-aw, raged governing equations in

conjunction with the eonJerved-sealar formalism of Bllger (ref. 14). This

procedure eliminates ad hoe negleet of density veloeity eorrelatlons and

eCgeets o(` buoyaney in the governing equations for turbulenee quantities. The

relationship between sealar properties and mixture fraet£on, needed by this

approaeh, followed past praetiee in this laboratory (ref. 13). The LHF model il
does not require detailed information eoneernlng initial drop sizes and

velocities; there(`ore, LHF calculations were begun at the InJeetor ,xit.

DSF Mode I

Both separated ('towmodels adopt the features of the LHF model for the gas

phase. The dtsper_,,d pha._ewas treated by solving Lagranglan equations of

motion for the particles and then computing nouree terms for Interphase

transport which appear in tl_egoverning equations ('orthe gas phase. This
involves dividing the particles into a number of groupb at the Inltlal

condition and then computing their subsequent motion.

Void f,.aetion.-_ in the rcglon o£ computation always exceeded 99%;
therefore, the disperned pha-_e vo]ume, partlele eollisions and egfeets of
adjacent particles on interphase tran-'port rate__ could he ignored with little
error. Ambient eondltions for partieles were taken to be local mean gas
properties; therefore, e('(`ects of turbulept (`luetuations on Interphase
transport, turbulent dlsperslon and turbulence modulation were Ignored--t)ploal
of" mo._t current spray models (ref. 13). E(`feets o(' varying local ambient
oondit',on,x,however, wt,re oont_idert,@..

,';SF Mode I

The SSF model tre,lts turbulene,,/drop intt, raetton._ hy computing drop
trajeetor'te:_ as they move away from th,, injector and ,meounter a sueeesslon of
turbulent, eddi,,s-..u:_[ng Mont,," Carlo method:_. Propq, rtie._ within each eddy are
as_um,,d to h,, uniform, but t,_ cllang,', in a random rashion (`rom one eddy to the
next. TraJ_,,'toryc,iI,'ulatlon.aare the -ame a._ the I)SFmodel, except that

instantaneous eddy propertie:_ repl,lce mean gas properties. Eddy properties are

found by making a random :_,,lectlonfrom the probnbt!ity den._Ity ('unetlons (PDF)

of w,looity and mlxtL,re ('raction. A drop is a._._um,,dto interact with an eddy
as l,_ngas its relativ,, displacement with respec t. to the eddy is less than a
cllaraeteristie eddy ._i.'t,and its time oF interaction is less than a

eharaeteri._tie eddy lifetime. All these paramet,er_ are directly found From the
k-t--g comput,_tIon-_.

HESUI,'rSAND DISCUSSION

; !'arti_'l,,-I,ade_| ,l,_t:_

Inlti41 ,,v._luation of the, modei:_ wa:_ under t.4ken u:_ing exi._ting
me4._ur_,ment_ in the [[t._,r,_t.ure £ref:_. 1,2). It wa_ ('ound that the LHF model
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was only effective for flows cuntainlng tracer-sized particles, that the DSF _

model was not effective for any flow, and that the SSF model yielded

eneouraging predictions of flow structure and particle dispersion. The

: evaluation was not definitive, however, due to uneertalntles in initial

oondltlons for existing measurements.

Initial conditions were fully defined For present tests with

particle-laden Jets--removing earlier I_mltations. Typical structure

measurements and predictions are illustrated in flgure_ 2-6 (u and ¢ are axial |

and radial velocities, G is particle mass flux and subscripts o and c denote

initial and centerline conditions). In figure 2, the agreement between

predicted and measured :eloclties in the gas jet is good--establlshing a

baseline for the work. The LHF and SSF predictlon3 are nearly identical and

are also in good agreement wlth measurements. Particle velocities, illustr_ted

in figure 3, exhibit more significant effects of the model. The LHF approach

underestimates particle velocities since effects of sllp are ignored while the

SSF model yields good results. Results for centerllne particle mass flux,

Illustrated in figure 4, are similar.

Radial variations o? gas and particle properties are illustrated in

figures 5 and 6. All gas-phase predictions are similar and are In reasonably

good agreement with measurements, however, only the SSF model yields good

predictions of mean and fluctuating particle properties. The DSF model

underestimates particle spread rates, _ince effects of turbulent dispersion are

ignored while the LHF model czerestlmates spread rates since sllp is ignored.

The flows were too dilute to test predictions of turbulence modulation by

the SSF model. Sensitlvity _tudies showed that predictions were most sensitive

to initial particle properties.

Nonevapor,lting 3prays

A portion of the re_u]ts for nonevaporattng sprays i_ illustrated in

figures 7-I?. In this ease, the I,HF predletlons are initiated at the injector

exit while the separated flow model predictions are initiated at x/d = 50,

where adequate Initial conditions could be measured. Results for mean gas

velocities and liquid fluxes along the centerline (figures ? and A) are

slmila-: tile 3SF model yields gocd predictions while the LHF model

overestimate_ thp rate of development of the flow. SMD variation along the

axls is [11ustrated in figure g. The SMD Increases gradually along th_ axis,

due to turbulent drop dispersion. The SSF model eorreet!y predicts this trend

while the DSF model yields an opposite trend since turbulent dispersion is

ignored.

Hadlal protlies of mean liquid flux are illustrated in figure 10.

Turbt_lent dispersion of drops causes these _lows to extend beyond r/x = 0.2,

which is the usual boundary for a siqgle-phase jet. The ASF model correctly
predlets this trend--which is an eneouraglng findlng--while th_ other models

are unsatisfactory.

Radial profiles st' mean drop veloclty for the case I spray and the SMD of

both sprays are |llustr,lted in flgures 11 and 12. The correlation between drop
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size and velocity is predicted reasonably well by the SSF model--as is the SMD
variation.

Turbulence modulation was again not an important factor in these sprays

and could not be adequately evaluated. Specification of initial drop

properties was found to have the greatest influence or predictions.

Evaporating Sprays

A portion of the findings for evaporating sprays is illustrated in figures

13-16. Tends are qualitatively similar to results for nonevaporating sprays,

however, differences between the models are somewhat reduced due to effects of

drop evaporation.

Combusting Sprays

Current tests and analysis are extending results to eombustlng sprays.

Initial feels are limited to dl]ute conditions where the flame is primarily

fueled by gas (methane) with a monodlsperse stream of drops in coflow with the

gas fuel. This system simplifies measurements and the presentation of results

and allows gredter concentration on the interesting fundamental problem of

drop/combustlng turbulent flow interactions. Subsequent work will consider
flames fully fueled wlth polydisperse sprays.

CONCLUSIONS

Major conclusions are: (I) the SSF model provides " useful approach for

treating turbulenee/d-op interactions in particle-laden _1ows and sprays with
minimal empirielsm and a capability to treat nonllnear effects; (2) the LHF

model is a useful simplification for very we11-atomlzed sprays (parti(:_'/drop

sLze less than 10 um) but :_ffects of sllp are important for most praotleal
sprays; and (3) the DSS model was r,ot et'fective for any of the flows examined

here, since effects of turbulent particle dispersion and effects of turbulent

fluetuatlons on Interphase transport rates are important in most practical

sprays.

Specification of Initlal conditions Is the most _ritleal aspect of spray

' structure predictions. Effects of turbulence modulation were small for present
flows, and current SSF model treatment of this phenomenon could not be

evaluated decisively. Current work is extending the data base and the model

evaluation to dilute combustlng sprays.
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TABLE I.-SUMMARY OF PARTICLE-bADEN JET TEST CONDITIONS

Flow Air Jet Dilute Particle-Laden Jets

t Case -- 1 2 3 U

SMD (microns) -- 79 119 119 207

Loading Ratlo -- 0.20 0.20 0.66 0.66

Injector Exit Condltlons:b

Veloclty (m/s)

Alr 32.1 26.1 29.9 25.2 25.3

Particle -- 24.1 24.2 21.9 18.5

L
Partlcle Mass Flux (kg/m2s) -- 6.1 6.5 18.9 19.0

alnjector exit diameter of 10.9 mm; partlole density 2620 kg/m3.

bat flow eenterllne.

TABLE II.-SUMMARY OF SPRAY TEST CONDITIONSa

Nonevaporat Ing Evaporating
Flow Air Jet Sprays Sprays

Case -- 1 2 1 ;.

InJeoted Fluid aLr air/oilb air/ollb air/Freon-11 air/Freon-11

Fiow Rates, mg/s

Gas 338 338 216 188 120

Liquid 0 600 1400 1450 1894

Loading Ratio 0 1.8 6.5 7.7 15.8

Jet Momentum, mN 120 137 70 106 60

.Tn_t_alVelocity, m/sc 175 14b 43 65 30

Reynolds numberO 26000 30000 24000 41000 36000

SMD, mlcrons -- 304 87d 31e 58e

Spray Angle, deg. -- 30 33 27 29

aSpraylng systems alr-atomlzlng :nJector, 1.2 mm exlt diameter.

bvaeuum pump oil, Sargent-Welch, Cat. No. 1407K25.

CAss_mlng LHF with air viscosity for Reynolds number.

dMeasured wlth Malvern, Model 2200 ,rtlcle Sizer @ x/J - 12.6.

eMeasured by slide [mpaction at x/d = 50.
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•, EFFECT OF LIQUID DROPLETS ON TURBULENCE
STRUCTURE IN A ROUND GASEOUS JET

Y .A'

A.M. Mostafa and S.E. Elghobashi

Mechanical Engineering Department

: University of California, Irvine

i

Accurate prediction of spray combustion is extremely difficult due to the

complex physical and chemical phenomena encountered in this two-phase process. The

interaction between droplets and the turbulent fluid, turbulence effects on chemical

reaction and heat transfer (and hence on droplet vaporization) are just a few

examples of the complexity. In order to understand the nature of these

interactions, coordinated experimental and theoretical studies need to be performed

in a stepwise manne) thus isolating the phenomenon to be investigated. A turbulent

non-reacting gaseous jet laden with solid particles or evaporating droplets is a

flow which allows the study of the interactions between the two-phases.

The recent experiment of Modarress, et al. (t982, i983), which was performed

in parallel with the present work, provided a much needed data to help understand +

the behavior of two-phase turbulent jets and validate the theoretical models.

Elghobashi and Abou-Arab (1983) reviewed existing turbulence models for two-phase

flows and indicated that these models are based on ad hoc modifications of single-

phase turbulence models. They develoved a two-equation turbulence model for _

incompressible dilute two-phase flows which undergo no phase changes.

In order to validate the proposed model, a turbulent axisymmetrlc gaseous Jet

laden with spherical uniform-size solid particles is studied by Elghobashi, et al.

(1984). The predictions of the mean flow properties of the two-phases and the

turbulence kinetic energy and shear stress of the carrier phase show good agreement

with the experimental data.

67 +
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: Mostafa and Etghobashi (1983) extended the proposed model for steady

incompressible two-phase flow including phase change. This model is tested for the

ftow of a turbulent axisymmetric gaseous jet laden with multisize evaporating liquid

droplets by Mostafa and Elghobashi (1983). To avoid the problem of density

fluctuations oE the carrier phase at this stage, only isothermal flow is considered

and vaporization is assumed to be due to the vapor concentration gradient. The

droplets are classified into finite size-groups. Each group is considered as a

continuous phase interpenetrating and interacting with the carrier phase. Predicted

results include distributions of the mean velocity, volume fractions of the

different phases concentration of the evaporated material in the carrier phase,

turbulence intensiZy and shear stress of the carrier phase, droplet diameter

distribution and the jet spreading rate. The results are analyzed based on a

qualitative comparison with the corresponding single phase jet flow.

Move validation testing of the model is needed via well-defined experiments.
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5- Mostafa, A., and Elghobashi, S., 1983, "A Study of the Motion of Vaporizing
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• To predict the flow of a turbulent gaseous jet

laden with iultisize liquid droplets undergoing

vaporization,

• To compare the effects, on the flow field, of

vaporizing droplets vtth those of single phase

jet.

ASSUMPTIONS

1. Droplets in a given stze-rahge constitute •

dispersed phase - thus for k sizes there viii be

(k phases in the flow.

2. Each phase behaves as a continuum

(aacroscopical ly).

3. NO collisiOnS between droplets (dilute spray).

4. Droplets remain spherical as they decrease tn

size.

_. Velocity of vapor leaving droplet surface is

"_ equal to that of the droplet,

6. Concentration gradient tS the on1) driving force

for e_tporat ion,

7. Drag relations of a solid sphere apply tu liquid

: droplets (Internal circulation effects on

friction drag are counterbalanced by evaporation

effects on pressure drag).
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SUNN_RY

• The proposed turbulence model (validated

experimentally for solid particles) Is applied to

predict the turbulent round jet laden with

iu|tlslze vaporizing droplets.

• Predicted changes in the flow field (mean and

turbulent quantities) are significant and should

be considered tn liquid spray combustion

calculations.

e _xpertient to validate the proposed model ulll be

•, perforIeo when funds become a_atlable,
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COMBUSTION CHARACTERISTICS IN THE TRANSITION REGION

OF LIQUID FUEL SPRAYS

Nicholas P. Cernansky, Izak Namer, Robert J. Tidona and Hamid Sarv
: Drexel University

There have been a number of studies involving the behavior of fuel sprays in

' the transition region which encompasses droplets in the 10-80 _m size range. In

particular, the effect of droplet size on minimum ignition energy of a spray has
been examined. Using swirl atomizers to generate fuel sprays, Ballal and Lefebvre

(ref. i) showed that ignition energies increase with increasing Sauter Mean Diame-

ter (SMD). On the other hand, the experimental work of Chan and Polymeropoulos

(ref. 2), in an 8-35 _m monodisperse droplet size range, showed an optimum drop-

let diameter around 15 _m for which the ignition energy was minimmm. However,

these systems had limitations induced by droplet size distribution or variations
in the flow velocities due to the requirements for monosized droplet formation.

Thus, in November 1982, an investigation of the droplet ignition requirement was
initiated with the following specific objectives:

I) To map the minimum ignition energies for monodlsperse fuel sprays

in the transition region as a function of droplet slze, number
denslty, equivalence ratio, etc.;

2) To isolate the optimum droplet diameter at which the ignition

energy requirement is minimum;

3) To study the effects of changing vaporization environment on the
minimum ignition energy;

4) To characterize the ignition requirements of polydisperse fuel

sprays in terms of the droplet size distribution; and

5) To determine the effects of droplet size and size distribution on

flame speed.

The experimental facility developed for tbis study consists of a Berglund-Liu

Vibrating Orifice Monodisperse Aerosol Generator which produces monoslzed droplets

with diameters having a standard deviation of less than 1% of the mean droplet
diameter (ref. 3). Based on the vibrating orifice principle, the droplet size can

be calculated from the operating conditions of the instrument (fuel feed rate and
vibration frequency). After generation, the droplets are subjected to a flow of
dispersion air to prevent coagulation. The air/fuel aerosol passes through a flow

• reducing section where dilution air is added to aci_ieve the desired stoichlometry.

The monodisperse fuel spray then flows through the test section, a square pyrex

tube, which houses the ignition electrodes. Both electrodes are mounted on micro-

meter traversing mechanisms to vary the spark gap. In its current configuration

(Fig. i), the experimental facility is operated with downward flow in order to

prevent any accumulation of fuel within the combustor.
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An ignition system has been developed to supply a capitance spark with indepen-

: dently variable energy, energy density, and duration. The spark energies are deter-

mined by integrating (over time) the product of the voltage and current, recorded
by a two-channel digital oscilloscope.

Efforts in the first year have concentrated on the development of the experi-

mental facility and performing exploratory measurements. Preliminary measurements

have been made in the 10-74 _m monodisperse droplet size range using n-heptane as

fuel. Minimum ignition energies are measured as a function of droplet size, equi-

valence ratio, and flow velocity. Prior to these measurements, the optimum spark

gap and duration corresponding to minimum ignition energies are determined for each

_perating condition. Further measurements using different fuels including alcohols
will be made soon.
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IURBULENTSWIRLING COMBUSTION

: Holger T. Sommer, Raymond J. Mosula and Ellice Seiden
Department of Mechanical Engineering

._ Carnegi e-Mel I on Uni versi ty

EXPERIMENTALEFFORT

Turbine Combustion Facility
c

An experimental facility constructed to simulate swirling gas turbine combustion

has been subjected to extensive redesign and modification. The program undertaken• over the course of the past year consisted essentially of two phases: (i) an assess-
," ment of the existing test facility, and (2) a major redesign and reconstruction of

those components deemed in need of alteration. As a result of this extensive effort,
the test facility at Carnegie-Mellon Universitj has achieved a higher degree of pre-

_ cision and reproducibility. Furthermore, it is believed that those undesirable

! extraneous effects which plague any fluid mechanics experiment have been substan-
tially reduced. Hence, it is at thls time that accurate and reproducible flow
measurements can begin.

Measurements and Results

Measurements of the non-reacting turbulent flow produced by two confined, co-
and/or counter-swirling jets have been obtained by means of a two-color laser Doppler
velocimeter. These results are compared with earlier experiments by Vu and Gouldin
(ref, I), and the numerical predictions of Ramos (refs. 2 and 3}. It is shown that
under both swirl conditions, a closed recirculation zone is created at the combustor
center line. This zone is characterized by the presence of a one-cell toroidal vor-
tex, low tangential velocities, high turbulent intensity, and large dissipation
rates of the kinetic energy of turbulence.

THEORE]ICAL EFFORT

Numerical Modeling of Turbulent Swirling Flows

The thrust of the theoretical effort has been the adaptation of previouslymajor
developed computer codes by Lilley (ref. 4) _nd Ramos (ref. 5) to the above described
experiment. Both coa_s are based on the k-c turbulence model, while Ramos addi-
tionally utilizes a k-t turbulence model.

This project _'assupported by the NASA Lewis Research Center under contract number
NAG3-401.
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In his numerical solution, Ramos (ref. 2) includes streamline curvature effects.
The streamline curvature effect is being imgroved and a correction factor for the
k-_ model will be developed during the remaining funding period. Because the codes
utilize different numerical solution techniques to solve the finite difference equa-
tions, comparison between numerical results and measurements will be used to evaluate
the quality of both techniques.

Special care will be taken to model the recirculation zone casued by the pre-
sence of co- and counter-swirling flows. It will be possible, due to clearly defined

, experimental boundary and initial conditions, to investigate the influence of tur-
bulence models on complex reacting flows. These conditions have been found to be
critical in numerical studies.
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ERROR REDUCTION PROGRAM*

• A PROGRESS REPORT

Saadat A. Syed

Engineering Division; Pratt & Whitney Aircraft Group

The combustion chamber of the aircraft gas turbine has to be designed to satisfy

the stringent dual engine requirements of reduced fuel consumption and increased
durability. Combustor development based on conventional methods to meet these

requirements is proving to be increasingly costly and time consuming. A mathe-

matical model of the combustcr would be very helpful in reducing cost and time of
the design cycle as it would permit most of the work to be done on a computer. Such

models are already being used in a limited manner in the industry. More widespread
use of these models will be accelerated by the removal of some of the known
deficiencies in the present codes. One of these deficiencies is the numerical

error, or numerical diffusion, that can be introduced into the calculations under

certain conditions. Thls numerical error is due to the finite differencing scheme,

usually upwind or hybrid, used in these codes.

The objective of the Error Reduction Program is to evaluate available finite

difference schemes for minimum numerical diffusion, and to incorporate the best
available scheme into a three-dimensional combustor performance code.

As a first step toward this end, five schemes (refs. 1 through 5) were selected
for initial evaluation. Some of these schemes were combined with bounding schemes
to el!ainate physically unrealistic undershoots and overshoots. Two basic criteria

were used to judge these schemes: they should be conservative, and should produce
solutions that exhibit no extraneous maxima or minima (boundedness property). The

accuracy of the schemes was evaluated by performing the truncation error analysis,

and running one- and two-dlmenslonal test cases and comparing the calculated

solutions against the exact solutions. Based on this evaluation, two schemes were
selected: QUDS, Quadratic Upstream Differencing Scheme, and BSUDS2, Bounded Skew

Upstream Differencing Scheme Two. The first scheme was proposed by Leonard (ref.

I), and the second scheme Is the one proposed by Raitbby (ref. 2), which is bounded
by a new bounding scheme.

The selected two schemes were coded into a two-dlmenslonal computer code, 2D-TEACH,

and their accuracy and stability were evaluated by running several test cases (refs.

6 through 8). It was found that BSUDS2 was more stable than QUDS. It was also

found that the accuracy of both schemes is dependent on the angle that the
streamlines make with the mesh, QUDS being more accurate at smaller angles and

BSUDS2 being more accurate at larger angles. However, both schemes, at all angles,
were more accurate than the extstinR hybrid scheme. BSUDS2 _as selected to be
extended into _hree dlmenstons, primarily because it was more stable. This scheme

is currently being incorporated into a three- dimensional code, 3D-TEACH.

* This work was conducted under NASA C,ntract NAS3-23686.
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NEEDFORERRORREDUCTION OBJECTIVE
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OFpOORQUALITYDISCRETIZATION SCHEMES !'

EVALUATED
%-

• Agarwal Differencing Scheme (ADS)

• Cuadratic Upwind Differencing Scheme (QUDS)
;"

• Skew Upwind Differencing Scheme (SUDS)

• • Spline/Hermetian Schemes
• Cubic Spline Scheme (CSS)
• Glass and Rodi Hermetian Scheme (GRHS)

• Flux Blending Schemes
• Bounded-One
• Bounded-Two

= SCHEMES SELECTED :

!

• QUDS - Quadratic Upwind Differencing Scheme

• BSUDS2 - Bounded Skew Upwind Differencing
* Scheme Two I

WHAT IS BOUNDEDNESS
i

In the absence of sources the value at node P should

be bounded by the values at surrounding nodes. ;t

1.0 !

f

L_A
i
i

O_ q
0 Y "

S
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it QUADRATIC UPWIND
-i DIFFERENCINGSCHEME
_ (QUDS)
. • Finite volume method

. " • Upwind biased quadratic interpolation for convection terms

_ • Central differencing for diffusion terms
4,

• Employsextended nine point modecule

-_, _)w = _ V=_)WW+ 3/4_=_N+ 3/=_p ,u >o I

• Scheme is conservative -- ,:--_-;_-_'-

• Coefficients can become negative

: • Solution can become unbounded
+.

1

.t

BOUNDED SKEW UPWIND
DIFFERENCING SHCEME TWO

i (BSUDS2)
• Finite volume method

• Central differencing for diffusion terms at all Peclet :
. numbers

• Central differencing for convection terms for absolute i
Peclet numbers less than two I

t
"- • Blending of upwind and skewed , "_ t _-- ;

upwind differencing for PecletI (

£ numbers greeter than two ' _ :

• Employscompact nine-point ' ;+ . _ ; " l
j_ molecule 't' '

j t -_ i i
' • Scheme is conservative , -,f 1 _-

i ',.1.

• Producesbounded solutions i ::

,| 4
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FIRSTLAMINAR FLOWTESTCASE
QUDS more accurate over all ,

7 TExperimental(F.DURST)

J

, XR 4
h

;

-' _1 •HYBRID1 h I I_, XR =..J ABSUDS2• QUDS

, I I
0 1O0 1,000 10.000 i

Numberof nodes I
I

- i

1 ,
_ l

4

SECONDLAMINARFLOWTESTCASE _

L

i

Flowina suddenexpansionwith swid;Re= 450, swirlno. = 0.66, '
at 45-degreevaneangle,contractionratio= 9.0 ,

o
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4

- STAGNATION STREAMLINES FOR SECOND
- LAMINAR FLOW TEST CASE ON 40 x 20 MESH

b

QUDS t

\

STAGNATION STREAMLINESFOR
SECOND LAMINAR FLOWTEST CASE

ON 78 x 40 MESH "

.............................
• / _
"M

" 1

.. ,, . . .

't
0
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: FIRSTTURBULENTTEST CASE

Flow over backward facing step

: W///I/I//II///II//,/////////////////// /// ,////////I

 ,ooF=
] l-Region analyzed-JI

, u 75h H I

_ 50

12175 -±2540

Axial distance, mm

Inlet boundary conditions

Mean velocity 60 11 ft/sec [18 32 m/s) 'l
Temperature 59"F (41 2"C)

Pressure 14 7 psla (101 35 kN/m 2)

Boundary layer thickness 0 33 inch (8 4 mini

Turhulence intensity 0 00"4

J

CALCULATEDREATTACHMENT POINTS i '
(MEASURED7 STEP HEIGHTS)

.............

Case HYBRID BSUDS2 QUDS

.....2:4-....-1 2.25 2.28
/

Coarse (26x29) 5.2 | 5.4 5.5r

;' Fine150x561 5.7 5.9 Unstable

". Fineadjusted 5.8 5.8 Unstable
(74x53)

.. 90

•' -._=B. _ - ,dll_-.. _-'" _ _- -. • ..... _ _- _- I,

1984012457-091



'1

• OF P:__O.:_('.,_ ,\:_[:'Y ' f

SECOND TURBULENT TEST CASE
, .A,,

PLANEVIE_ A A EN_ _,'IEWB B

• Co Izlallets with end without swirl

, i
SECOND TURBULENT TEST CASE

WITH SWIRL
i.

Inlet boundary conditions;

• Measurements at x = 5mm were used

• This plane was considered as inlet plane

|

_ SECOND TURBULENT TEST CASE i

_', WITH SWIRL i

oo,_'_( _---" O _ - -.....

0 00. , -........ "

O00 002 00 _J 0011 010 013 011_ 01t_ 020 023 02_ 028 0,10 0,1,1 0:14

[ 1 I
51 mm 152 mm 305 mm

Stations st which comparisons have bee. made

91 ,
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SECOND TURBULENTTEST CASE WITH SWIRL
COMPARISON OF

, AXIAL VELOCITY PROFILES

Coarsegrld(40x35)
" HYBRID

- QUD$

,. BBUDS2 ........

=_ x - 51am oN x- 162mm ,, x,, 306am

I.,._rv. ,. . ..' %., . . .

oN , , , • • , + , , i" , 4+11 • i i , , , , .... Ilion .......eel =lel el4 eel eel
:. Y/O 110 Y/OIII0 Y/O1110

QUDSseemsmoreaccurate

Nodifferenceinaccuracyforfinegrid(47x43)

l"

i

SECOND TURBULENTTEST CASE WITH SWIRL
COMPARISON OF

TANGENTIAL VELOCITY PROFILES

Coarsegrid140x35)
HYBRID --

QUD$

BSUDS2 ........

+IN IN eel

x-61mm x- 162mm x -305mm

-r ,, ] ,

i+

+ i / IS.. +"" .......... ..,. ............. .......eel ell ____ am eel lie _L
YiO 110 YtO 110 Y/O 110

QUDSseemsmore_curete
!

Nodifferenceinaccuracyforfineodd(47x43)

t
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: SINGLECELLCALCULATIONS
" OF CONVECTIONOF NORMAL DISTRIBUTION

_(x) : exp( '/2('qZ_*) _)
(_/ x/A,A* -&/_)

1.00 .. Ex,,,:t

' 0.95 \"_ _"_. "_ /" 0.90 OUOS

\.
: 085 \,

oso "_.

I UDS
; 0 75 ,

7J,5 _ l J0.0 150 22 5 300 37 5 450

8, degree
! ' Influence of the flow angle on the error
, : for various difference schemes

OBSERVATIONS

• QUDS unstable - needs a better solver

• No significantdifferences between HYBRID, QUDS
and BSUDS2 for intelligent fine grids

" 11000-1500 nodes)
,if

_ • QUDS more accurate than BSUDS2 most of the time

" • BSUDS2 more accurate for second laminar test case-,t

'_ very strong streamlinecurvature

i • Flows with swirl more sensitiveto difference schemes "
i

t

93

®

1984012457-094



° = ......

," N8 4 2 0 5 37 z-
.. OF poor QuALtT_

i_E'PLICATIOH OF Itt'PROVED NUtlERICv.L SCIIZtLES
?

p,

, G. tI. Neely

": Nh3.r; Leuis Research Ccn_,er

: ' There have been a variety of me_hods used 1;o solve the Navier-Stokes

equations. Host scher,.es which solve the steady state form of tho_e Equations

employ the SIMPLE (Semi-lmplicit flatbed for Pressure-Linked Equations) method

developed by Petard:at and Spaldin_ in 1972 (tel.l). J%ithou_h this scheme has

proven to be quite effective, its convergence rate can be improved. This

inves_ication focuses on two approaches which accelerate the solution of the

steady state Navier-StoPes equations.

The SItL°LER algorlt_, (ref. 2), a revised version of SIt_LE, provides a

more accurate pressure field for each iteration t_wouzh the r.o;aentum

equatlon:,Ch,:reby speedinz convergence. PISO (Pre_nure Implicit Split Operator,

ref.3) perforlas a secondary correction of the velocity and pressure fields

- (after the typical pressure correction) which er,lmnces conver['ence. Both

• " schemes account for terms nezlected in the SIMPLE approach, but do so in

-": slizhtly different ways.&

,. ' /% series of calculations of trio-dimensional driven cavity flow and flow

over a step were made to examine the effect of _eometry on the performance of

these schemen. Computations were carried out on a serieu of prozressively finer

grids. The effect of relaxation nuraber on convergence rate was analyzed, usln Z
results from SII_LE as criteria for performance correlation.

Preliminary result_ indicate th<_ follotllnz:

I. The improved schelaes pror..oted conver6ence by up to sixty percent for the

driven cavity and forty p_rcent for flow over a step.

2. For the driven cavity problem, the efficiency of PISO and SIMPLER

Increased as the number of nodes increased.

3. To ensure faster convergence, hi_her relaxation nur._ers mu:t be applied.
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NUMERICAL MODELING OF TURBULENT FLOW

R. W. Clau_ ,

_" NASA Lewis Research Center

¢ Three dimensional co_bustor calculations are currently
° stretching the computer hardware capabilities and the

coaputing budgets of gas turbine manufacturers. One of the

main reasons for this relates to the larce number of complex .

physical procecses occurtn_ in the combustor. Airflow, fuel

• spray, reactlon kinetics, flame radiation, and , not the
' least of which, turbulence mu_t be modeled and the related

differential equations solved. Obtainin_ accuracte solutions

to these modeled equations ent_ll_ another difficulty.

Current combustor codes a-e, generally, ba_ed on the SII_LE
algorithem developed by Patankar and Spauldin=, ref. 1. One

of the key features of this al_orithem is the use of hybrid

': differencln_ to approximate the convective terms in the4

governing equations. In most practical calculations this
results in the use of first order accurate upwind

_ differencing for most of the flow field. The overly

dissipative solutions obtained usln_ this ache.me can mask ,
important flou field features, ref. 2. Ideally, this can be

overcome through the use of additional grid points. In _hree

dimensional calculations ,however, %hi _ becomes impractical

since the compuzatlonal work involved increases greatly as

, grid points are added, i
L

Other discussions in this conference wlll address methods

to improve the accuracy of combustor flow field calculations
and methods to speed the convergence of t_m modeled

equations. This talk will feeds on aspect_ of aerglng these• , two r_w technologies, The improved accuracy discretization
schemes have a negative impact on the speed of convergence ;

I

of the modeled equations that the improved solution ;
algorithems may not overcome, k description of the causes of

this problem and potential solutions will be examined.
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ADVANCED NUMERICS FOR t_LTI-DIbIENSIONAL FLUID FLOW CALCULATIONS
L

S. P. Vanka

Argonne National Laboratory

)*

,°

, In recent years, there has been a growing interest in the development and use of
mathematical models for the simulation of fluid flow, heat transfer and combustion

processes in engineering equipment (ref. l). The equations representing the multi-

dimensional transport of mass, momenta and species are numerically solved by finite-
difference or flnlte-element techniques. However despite the multitude of differ-

encing schemes and solution algorithms, and the advancement of computing power, the

calculation of multi-dlmenstonal flows, especially three-dlmenslonal flows, remains a
mammoth task. The following discussion is concerned with the author's recent work on

the construction of accurate dtscretizatlon schemes for the partial derivatives, and

the efficient solution of the set of nonlinear algebraic equations resulting after

dtscretizatton. The present work has been Jointly supported by the Ramjet Engine
": Division of the Wright Patterson Air Force Base Ohio, and the NASA Lewis Research
- Center.

FINITE-DIFFERENCING

An efficient flnlte-dlfference scheme must represent the differential equations i ;

, to a high accuracy and must be stable. In spite of the many formally higher order
, schemes chat have been proposed, practical calculations have bee limited to the use

of simple first order schemes. The reasons for this are that either the proposed
scheme_ are unstable In general circumstances or they have limited range of formal
accuracy. The complexities of the construction of accurate schemes stem from the

following flow characteristics. !

a) High grtd Peclet number

- b) Stream lines skewed with grtd lines
LJ

c) Pressure gradients

_" d) Nonlinear source terms, also contatning derivatives.

In designing any generally useful flnlte-difference calculatlon procedure, it is it
necessary to conslaer all of the above factors caref_,Lly.

[

The present work of the author is concerned with the integration of several i
individual ideas into a general purpose algorithm. Two promising schemes that are

being considered are the influence scheme approach of Chen et al. (ref. 2) and of

Raithby et al. (ref. 3) and the compact differencing approach oF griess (ref. 4). In

the influence scheme approach, the differential operator Is analytically integrated

99
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" over two (or three) dimensional subdomains after lineartzing it with previous iterate

values. A profile is assumed for variations along the boundaries. This results in
_, an algebraic linear relation of the form

8 9

, @p ffi Z CI@I + _ DIO I (1)i-1 tffil

, where ¢I are neighbor values and QI represent the neighbor source terms. Ci and DI
represent coefficients. The advantages of the above approach are that it fully
considers the multl-dlmenslonal effects and is stable at high Peclet numbers.

In a compact differencing scheme the derivatives are represented to a fourth

order accuracy but wlth a tridlagonal structure. The trtdlagonal structure is

advantageous for the solution of equations and for the treatment of boundary

conditions. The compact differencing scheme however has been found in our

preliminary work to be unstable (and inaccurate) at the high Peclet numbers of

current interest. However the concept can still be used to represent the various
other derivatives that occur in the source terms and the pressure gradients, The
above two approaches are currently being pursued.

SOLUTION ALGORITHM

*' The solution of the nonlinear algebraic equations obtained after discretizatlon

is a mammoth task, The required computer times are large and convergence is not

always assured. Current work in this direction has led to a fully-coupled solution

of the nonlinear equations of momentum and continuity. The coupled set of nonlinear

equations are solved with a Newton-Raphson method and efficient sparse matrix

techniques. The turbulence equations are solved decoupled from the momentum and

continuity equations. The equations are also arranged as blocks which are then

preordered to reduce the computer storage and time. This algorithm has been extended

to reacting flows and successful calculations have been made of isothermal turbulent
flows and turbulent confined diffusion flames. The algorithm has been observed to be

rapidly convergent and insensitive to variations in grid aspect ratio, flow Reynolds
number and the number of flnlte-dlfference nodes.

Results of Some Calculations

,_ Several calculations of laminar and turbulent reclrculating flows have been made
with different finite-dlfference grids. These have been documented in detail in

Vanka (refs. 5, 6 and 7). In all the cases tested, rapid diminution of the residuals

In the equations has been observed. Calculations have been made with finite-

difference grids up to (80 x 95) size for turbulent flow in a sudden expansion. In
the present report two tables are presented which demonstrate generally the observed

rates of convergence. The first one is for a turbulent flow in a sudden expansion
for the experiments of Craig et al. (ref. 8), wlth a (80 x 95) grid. The second one

shows the rate of convergence for a confined diffusion flame for a configuration

studied by Lockwood et al. (ref. 9). The latter calculations employed a (32 x 27)
grid.
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Table I. Convergence Rate for Craig's Sudden-expansion Flow, 80 x 95 Grid

"f

Iter. 6u/Uln 6v/Uin _P/Ui2n 6k 6e

I 1.391E-I 2.904E-2 2.766E-1 5.846E-5 8.8%Z-5

5 2.879E-2 1.059E-2 1.155E-2 4.355E-5 3.3_4_-5

I0 7.300E-2 5.500E-2 1.171E-I 4.584E-5 3.336E-4

15 2.717E-3 3.224E-4 8.086E-4 3.682E-5 5.972E-5

20 1.508E-5 1.360E-5 2.597E-5 4.246E-6 1,970E-6
i

Table 2 Convergence Rate for Confined Turbulent Diffusion Flame Calculations
!i (Experiments of Lockwood et al.) with 32 x 27 grid

t

2
6k 6e 6f 6g'_ Iter. 6u/u c 6v/uc 6p/pu c

I 6.51E-I 3.25E-I 7.83E-I 1.75E-2 1.00E+O 2,oog-I 9,90E-2

5 6.75E-I 1,91E-I 5.85E-2 1.91E-4 1.31E-2 2.61E-I 3.32E-2

i0 2.60E-2 6•55E-3 5.98E-3 2.67E-5 1.53E-3 1.31E-2 3.67 E-3

15 2,48E-3 9.66E-4 3.56E-4 2.73E-6 1.13E-4 2.27E-3 4.66E-4

20 2.54E-4 1.79E-4 2.80E-5 1.39E-5 8.91E-5 2.62E-4 3.85E-5

25 4.34E-5 3.65E-5 1.54E-5 6.05E-7 4.58E-5 2.55E-5 4.95E-6
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:_ GRID FLEXIBILITY AND PATCHING TECHNIQUES

T

:: T.G. Kelth, L. W. Smith, C. N. Yung,

;i S.H. Barthelson, and K. J. DeWltt

_. The University of Toledo"L"

The numerical determination of combustor flowflelds is of great value to
the combustor designer An a priori knowledge of the flow behavior can speed '

_' the combustor design process and reduce the number of experimental test rlgs
_ required to arrive at an optimal design. Even 2-D steady incompressible Iso-
,_ thermal flow predictions are of use; many codes of thls klnd are available

Ill, each employing different techniques to surmount the difficulties arising
from the nonlinearity of the governing equations and from typically irregular

_ combustor geometries. We wlll look at mapping techniques (algebraic and elllp-
|. ttc PDE), and at adaptive grid methods (both multi-grid and grtd embedding) as
i- applied to axtsymmetr|c combustors.

. ALGEBRAICGRID GENERATIONIN THE STARPIC CODE

The solution of the Turbulent Reynolds Equations for arbitrary geometries
can be handled in several ways [1]. One popular technique ls to represent a
boundary wlth discrete 90° steps. Atlernatlvely, the geometry can be mapped
tnto a square solution plane via a variety of available transformations. The
simplest transformation ts an algebraic one as shown In Figure 2.

_- On transforming the governing equations, new chain rule terms are intro-
duced, each of which contains a dh/dx term which comes Into play only at axial
locations wher_ there Is a sloping or curved wall segment, thereby mathematt-
cally affecting expansion and reclrculation In the flow. The complexity of
extra terms is offset by the ability of the technique to handle general bound-
ary shapes, as well as the simplification of boundary conditions in the mapped

- plane. For these reasons algebraic mapping shows great promise. Figures 1
through 6 show the effects of algebraic mapping on the STARPIC code.

t

• ELLIPTIC POE GRID GENERATION FOR A BIFURCATED

, CORBUSTOR INLET DIFFUSER
,j

The purpose of a combustor Inlet diffuser is to convert kinetic energy to

,_, pressure; a reliable prediction method for diffuser flows will lead to the i
_. efficacious design of those diffusers. In this work body fitted coordinate

transformations are employed In the solution of turbulent flows in a bifur-
cated combustor tnlet diffuser. The work is aimed at comparing the numerical "
solution for different kinds of transformations with experimental results.
Furthermore, different numerical methods w111 also be employed for comparison.
Figures 7 through 12 illustrate this work.

{
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NULT[GR[D AND GRID EMBEDDINGTECHN]QUEFOR
TURBULENTFLOWSIN COHBUSTOR

A mu_tigrld method [2] applied to axtsymmetric turbulent flows Is useful
in speeding convergence of numerical schemes. This method reduces global

:' errors by economlcai relaxation of errors on coarse meshes instead of by labor
intensive relaxation on one fine mesh. The multigrid equations, a summary of

• the multlgrtd algorithm, and relationships between coarse and fine meshes for
4' a staggered mesh are depicted in Figures 13 through 17.

Grid embedding [3,4] similar to the multlgrld method, uses a ftne mesh in
steep gradient regions to refine the solution locally, where needed. It elim-
Inates the wasteful process of using a fine grid globally, including in regions
where it is not needed• Grld embedding is depicted for a staggered mesh. As
indicated in the last figure, this method is still under development. Like the
multlgrld method, it will steadily be extended to more arbitrary combustor
geometries.
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N84 20541 ,
• _ MASS AND MOMENTUMTRANSPORT EXPERIMENTS WITH SWIRLING FLOW

_! Bruce V. Johnson and Richard Roback
j,

United Technologies Research Center

,[ An experimental study of mixing downstream of axial and swirling coaxial jets is
: being conducted to obtain data for the evaluation and improvement of turbulent trans-

port models currently employed in a variety of computational procedures used through-

_" out the propulsion community. The axial coaxial jet study was completed under Phase

: I and is reported in Ref. I. The swirling coaxial jet study, which is the subject of
this paper, was conducted under Phase II of the contract and is reported in Ref. 2.

• A TEACH code was acquired, checked out for several test cases, and is reported in
Ref. 3. A study to measure length scales and to obtain a limited number of measure-

ments with a blunt trailing edge inlet is being conducted under Phase III of the con-
tract.

' Qualitative and quantitative studies were conducted of the flow downstream of

_ swirling coaxial jets discharging into an expanded duct. The ratio of annular jet

o! diameter and duct diameter to the inner jet diameter were approximately 2 and 4, re-

spectively. The inner jet peak axial velocity was approximately one-half the annular
jet peak axial velocity and the mean swirl angle in the annular stream was approxi-

mately 30 degrees. Results from the studies were related to the five shear regionswithin the duct: (i) the wake region downstream of the inlet, (2) the shear layer
_ between the jets, (3) the annular recirculation region, (4) the reattachment region,
i

and (5) the centerline recirculation region (Fig. i).

A flow visualization study was conducted using fluorescence dye as a trace '

i material and high-speed motion pictures to record the dye patterns in selected r-z

and r-0 planes. The results of the flow visualization study are summarized with the
following observations (Figs. 2 and 3):

I. The high intensity turbulent eddies in the shear layers were sot axisymmetric or
periodic. The large scale waves and eddies apeared to have a range of wave-
lengths.

2. Downstream of the centerline recirculation region, the flow initially had large

lobes which evolved into a vortex swirl pattern. There was little radial mixing
downstream of the recirculation cell.

3. Two major mixing regions were observed: (i) at the interface between the inner

jet and the centerline recirculation zone, and (2) at the interface between the

inner jet and annular jet streams.

4. Mixing at the interface of the inner stream and the recirculation cell diluted

the inner jet concentration and the resulting mixture of fluid from the

: rec!rculation cell and the inner jet was entrained by the swirling annular
si,'eam.

!

A detailed map of the velocity, concentration , mass turbulent transport rate
and momentum turbulent transport rate distributions within the test section was ob-

tained to provide data for the evaluation and improvement of turbulent transport

models. Data sets of velocity component pairs were obtained simultaneously to deter-

mine mass turbulent transport rate, concentration and velocity. Probability density
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functions (p.d.f.s) of all the forementioned parameters were obtained from the data
sets. Mean quantitites (Figs. 4, 6 and 7), second central moments (Fig. 5), correla-

._ tion coefficients, skewness and kurtosis were calculated to characterize each data
• set. Following are the principal results from this study:

I. Mixing for swirling flow was completed in one-third the length required for non-

swirling flows (Figs. 8 and 9).

_ 2. The principal momentum turbulent transport was in the r-z plane, i.e. u-V,and

was attributed to the axial velocity gradients. Peak momentum turbulent trans-

" port rates were approximately the same as for the nonswirling flow condition

• (Fig. 6).

3. The axial mass turbulent transport is gradient rather than countergradient as

occurred for nonswirling flow. The peak axial mass transport rates were greater

than the peak radial mass transport rates even though the axial concentration

gradients were approximately one-seventh the radial gradients (Figs. 4 and 7).

4. The mass turbulent transport process for swirling coaxial flow is very complica-
ted. Mixing appears to occur in several steps of axial and radial mass trans-
port coupled with a large radial mean convective flux. The transport process
appears to begin with high concentration fluid from the inner jet mixing with !
fluid from the centerline recirculation zone. The diluted inner jet fluid is

i' then convected by the negative axial velocities into the large eddy shear region
_" between inner and annular streams.

5. Axial mass turbulent transport correlation coefficients as high as 0.5 were

measured. These correlation coefficients were less than the peak mass transport
correlation coefficients obtained for nonswirling flow although the axial mass

transport rate for swirling flow was greater than that for nonswirling flow.

I
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FIG 6
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,_ r-z PLANE. _ -- m2s 2 _'p-zPLANE _ -- m21s 2

le - O O_

@0T o O e4'O

°o o Oo.oO 0O0Oo0o •
e ee ; u 0 0a- •

olP •
'qb o • go

0 0 008 °
0

-e 05 • O OI _-- v - - v
0 O0

-19. 10 ' I " l ' l ' i ' I ' 1 " _' ' I ' l " -O 02 ,1"', i ," i , l , i • i _ i ', i : i •
go it e4 o (: 08 ii o o 02 e 4 e 6 e _ i_

r-#, PLANE, _'T-- m2s 2

O 04

II

O02 dL
: 66

U II II
• o

-- ooo "'e° tL.
O

• a

-O OZ •

"O._ . I • I i I , I , I , I _ I . I , I ,
go el OI 04 OO IO

RADIUSRATIO,r/Ro

J

ib 122
;L

®

1984012457-121



i

ORIGINAL P;",Cj_;_,

OF POOR QUALITY

I FIG. 7

MASS TURBULENT TRANSPORT RATE PROFILES AT z = 25 mm
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THE INFLUENCE OF LARGE-SCALE MOTION ON TURBULENT

TRANSPORT FOR CONFINED COAXIAL JETS
t

David C. Brondum and John C. Bennett

Mechanical Engineering Department

University of Connecticut

The existance of large-scale coherent structures in turbulent

shear flows has been well documented in the literature (ref.l). The

importance of these structures in flow entrainment, momentum

transport and mass transport in the shear layer has been suggested

by several researchers (ref.2,3). Comparisons between existing

: models and experimental data for shear flow in confined coaxial jets

(ref.4,5) reinforce the necessity of further investigation of the

large scale structures. These comparisons show the greatest

_ discrepency between prediction and actual results in the developing
; flow region where the large scales exist. It was also observed that

the momentum transport rate comparisons were very bad. Finally,
Schetz (ref.6) has reviewed mixing flows and concluded that

large-scale structures were essential aspects of future modeling
efforts.

%

} The present analytical effort is a follow-on to a previous

i contract (ref.7) under which the experimental data was collected.

The data consists of all three velocity components as well as
concentration data for a turbulent shear flow in a confined coaxial

jet with a sudden expansion. The analysis undertaken is s:milar to

; that of Blackwelder and KaDlan (ref.8) which was _n analysis of a
turbulent boundary layer. As they discovered, the bursts within the

boundary layer were found to contribute greatly to the momentum

transport. &s part of the previous contract effort, flow

visualization was used extensively and identified large-scale_J

structures within the shear layer. The appearance cf these

large-scale structures in the mixing layer has led to the search for

; a burst detector along with detection criteria. Preliminary '
conditional sampling of the data has been performed and has revealed

" much information about the transport processes. All analysis to
, this point has been limited to data acquired at one axial location

(102 mm from the origin).

Various conditionally sampled parameters of the data have been
plotted and trends observed. Initial efforts were directed toward q

¥
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the use of these results in the identification of a suitable burst

detector for the flow and also the development of better

understanding of the effects on the flow (i.e., mass transport).

One such plot is the scatter plot where the velocity fluctuation is

_ plotted as a function of the concentration fluctuation or where
fluctuation of one velocity component is plotted against the

fluctuation of another velocity component. These types of plots

help establish the existance of the large scale in the flow and
_ assist in separating these structures from the general low level

• turbulence (Fig.l,2). They are also beneficial in determining if

the large scale correlation is significant (non-zero, Fig.l or zero

, Fig.2).

Other interesting parameters can be established from

conditonally sampled data pairs that are contained in the large
structure. Based on the scatter p]ots, the initial choice for a

burst detector was large excursions (positive or negative) in

concentration fluctuations. The first parameter investigated was

the large scale fraction (or ratio of samples with large

concentration excursions compared to the total sample size).

Plotting this ratio as a function of radius (at a given axial

location) yields some trends in the data (Fig.3). The percentage

appears to be maximized in the shear layer where the large-scales
are known to exist. This adds credibility to the choice of detector
of course.

Having established some credibitity for the detector, the

efforts were concentrated on the effects of large-scale structure on

mass transport. Specifically, the ratio of condltionally-sampled
f

mass transport to overall mass transport was plotted (Fig.4). As

with boundary layers, the large-scale structures in shear layers

appear to exert considerable influence on mass transport.

Having established procedures for investigating large-scale

structures, future efforts wi]l be directed toward several goals:
(i) establishing a model of a typical 3-D structure, (2)

investigating the regional extent of the influence of large-scale i

structures, (3) investigating the influence of large-scale 1

structures on counter-gradient transport identified previously !
(Ref.7), and (4) investigating the recently completed swirl data for i
similar large-scale effects. I

J
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VELOCITY VISUALIZATIOFJIN GASEOUS FLOWS
p,

R. K. Hanson, B. Hiller, C. Hassa and R. A. Booman
', Department of Mechanical Engineering

Stanford _!niversity

• J,

Techniques yielding simultaneous,multiple-point measurements of velocity
in reacting or nonreacting flowfields have the potential to significantly
impact basic and applied studies of fluid mechanics. This research program
is aimed at investigating several candidate schemes which could provide such
measurement capability. The concepts under study have in common the use of i
a laser source (to illuminate a column, a grid, a plane or a volume in the
flow) and the collection of light at right angles (from Mie scattering,
fluorescence, phosphorescence or chemiluminescence) using a multi-element

solid-state camera (lO0 x lO0 array of photodiodes).

The talk will include an overview and a status report of work in
, progress with particular emphasis on the method of Doppler-modulated J

absorption. This technique involves monitoring fluorescence from a plane i
in the flow which is illuminated with a sheet of light from a tunable, i
narrow-linewidth laser source. The laser wavelength is set to coincide

with an absorption transition of a seeded molecular species, usually
iodine, which is Doppler-shiftedaccording to the local velocity of the ,_

gas (relative to the direction of the laser beam). The resulting
velocity-induced variations in absorption appear directly as variations
in the fluorescence intensity, and hence quantitative, simultaneous
measurements of fluorescence intensity at a large number of flowfield ,
points can be used to infer the velocity at these points. Separate
techniques and results are reported for supersonic and subsonic flows
near room temperature.

i

i

1
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INVESTIGATIONSOF FLOWFIELDS FOUND IN TYPICAL

COMBUSTOR GEOMETRIES

David G. Lilley
Oklahoma State University

Studies are concerned with experimental and theoretical research on 2-D
axisymmetric geometries under low speed, nonreacting, turbulent, swirling flow
conditions. The flow enters the test section and proceeds into a larger chamber
(the linear expansion ratio D/d = 2, 1.5 and i) via a sudden or gradual expansion
(side-wall angle a = 90 and 45 degrees). A weak or strong nozzle (of area ratio A/a
= 2 and 4) may be positioned downstream at x/D = 2 to form a contraction exit to the
test section. Inlet swirl vanes are adjustable to a variety of vane angles with

r values of _ = O, 38, 45, 60 and 70 degrees being emphasized. The objective is to
determine the effect of these parameters on isothermal flowfield patterns, time-mean

;_ velocities and turbulence quantities, and to establish an improved simulation in the
; form of a computer prediction code equipped with a suitable turbulence model. The
> goal of the on-going research is to perform experiments and complementary
: computations with the idea of doing the necessary type of research that will yield
' improved calculation capability. This involves performing experiments where time-+

mean turbulence quantities are measured and taking input conditions and running an
existing prediction code for a variety of test cases so as to compare predictions

+ against _xperiment. Hence the validity of turbulence model modifications can be
assessed. If fact, they are also being deduced directly from the measured stresses
and velocity gradients.

Three Ph.D. Theses (Rhode, Jackson and Abujelala) and five M.S. Theses (Janjua,
Yoon, McKillop, Sander, and Scharrer) have evolved in connection with the
investigation over the last three years. New features of the present year's study
include the investigation of: a more complex range of swirl strengths; swirler
performance; exit nozzle sizes and locations; expansion ratios; and side-wall
angles. Their individual and combined effects on the test section flowfield are I

being observed, measured and characterized. Recent studies on the test facility
include:

1. Swirler Performance - with five-hole pitot probeI and single-wire hot-
, wire_ for time-mean and turbulence characteristics.

2. Gross Flowfield Characterization - flow visualization has been achieved
via photography of neutrally-buoyant helium-filled soap bubbles and smoke )
produced by an injector and smoke wire.3-s

' (

3. Time-Mean Flowfield Characterization - with five-hole pitot probe for ' i
time-mean velocity field and velocity gradients for a full range of swirl
strengths.3-6 i

I

4. Turbulence Measurements - with single wire7,B, cross-wire9 and triple-
wireI° hot-wires, including an assessment of the accuracy and directional :"
sensitivity of the single-wire techniqueII, enabling all Reynolds stress i
components to be deduced.

PRECEDING PAGE BLANK NOT FILMED
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5. Turbulence Modeling - limitations and empirical extensions of the k-_
model nave been analyzed12, but relating Reynolds stresses to appropriate

.. time-mean velocity gradients are yielding effective model improvements13

; 6. Computer Predictions - using an advanced computer code14, tentative
predictions3 have now been supplemented by predictions made using
recently-acquired realistic inlet conditions for a complete range of swirl

* strengths15, including expansion ratios and downstream nozzle effects16.
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_ 1.2 Research Objectives

1. To determine the e[fect of:

* swirl vane an_gle ¢

* side-wall angle _

* downstream blockage area ratio AR

," and location L/D

on:

* isothermal flowfield patterns

* time-mean velocities

* turbulence quantities

2. To establish an improved simulation in

-.- the form of:

- * computer prediction code

* suitable turbulence model

1.3 Research Approach

1. Time-mean flowfield characterization by five-

hole pitot probe measurements and by flow

visualization.
b

2. Turbulence measurements by a variety of single-

and multi-wire hot-wire probe techniques.

3. Flowfield computations using the computer code

developed during the previous year's research

program.

liP"_
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2. Progress

2.1 Progress During First Year (1981)

: I. Test facility - design and construction, including

variable angle swirler and expansion blocks.

i 2. Experimental techniques - flow visualization, five-hole

_ pitot probe and reduction computer code.

3. Computational code development - advanced version of a

primitive-variable solution procedure - STARPIC.
(

4. Flowfield characterization - emphasis on time-mean flow

character, using flow visualization, five-hole

: pitot probe and tentative predictions.

q_

2.2 Progress During Second Year (1982) '

I. Higher swirl strengths flow visualization and five- s

hole pitot probe measurements.

2. Swirler effectiveness - exit profiles of u, v, w, and p

accurately established, i
b

3. Flowfield predictions - the need for specifying the i

-_ inlet conditions very precisely. !

4. Downstream blockage - effects of area ratio and axial I

location studied by flow visualization, five-hole pltot

probe and corresponding computer predictions.

5. Turbulence measurements - in nonswirling and swirling

flow via one-wire, two-wire and three-wire hot-wire

methods.
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: 2.3 Progress Durin 9 Third Year (1983)

; I. Smaller expansion ratios - D/d = I, 1.5 and 2
J

2. Turbulence measurements - at higher swirl strengths,

with and without downstream blockage

.,. 3. Turbulence modelin 9 - developments from measured?

Reynolds stresses and time-mean velocity gradients

4. Flowfield predictions - for corresponding situations

: ,

.' 3. Results [¢ = 45 degrees]

3.1 Swirler Performance

,:

O'5LI u/u,n
r/D ...... .:;z

v/Uin
r/D ',

-' 0 I t

w/Uin i
r/D _:__,

r

0 I _ ! , t

0 1 Z 3 !
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3,2 T_me-Mean Velocit.y Profiles

x/D
0 2 '

J/ 7U° _-_ _'__ I ..... ___ .
""O 0,5 I

u/u.
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3.3 Turbulent Normal Stress Profiles

:* O I 2

0.50_.......n ......... _................... -- ].

0

: Urms I Uo x 2

! ]i 11J.l_
W_-ms/Uo x 2

0.254_

l I ........
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I
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i

b

I
D

I
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3.4 Turbulent Shear Stress Profiles

, x/D
; 0 2

..1 .25
Uo _------_i-,,.,.K'-.....L.r--T_-;-

Oo o.s _. _-
U_V,-'-/u_ x50

: ",;,w=/u=_xso

u'v_luz x50

3.5 Predicted Profiles

Using opti_num k-c parameters of Ref. 12

-- o 'x/O
' 0.50_ 2

(a} u/u
@

.o o,'" J.>!.>-tJJ.;0'25"L....... = "b
, Uo _-----T..

_0 O.S 1 - --uB

(blw/u° 148

1984012457-145



o

t

ORIGINAL PAGE [$
"" OF POOR QUALITY

3.6 Predicted Proftles

x/O
, 0 I 2

U/t!°

•

W/U e C formulation

o Ref. 6

Ref. 8

J

3.7 Central Recirculation Zone Envelope

O.A 'r T "T "r i
s

0 --- k-_ constants
0.3 A t

,/O _ Optimum k-_ constants '

0.2

_, _ o Ref. 6 _o.1
_'\ _, Ref. 8

,,0 C
0.0 L ...... L________ ....... l .t_

0.0 0.5 1.0 1.5 2.0 2.5
zlD

--1P"
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3.8 Experimental Streamlines - Nozzle Effect
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riD O_-0.5 J L_ J
.i 0 1.0 2.0 8.0
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: 0 1.0 2.0 8.0
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3.9 Experimental Streamlines - Confinement E fect

: o
. --.__- -__• O".... _ ......
%

" - O.5 I_____ I _ J
0 i.0 2.0 3.0

0.5_

, _Vortex Core

r/O 0 ........... _" _ ----'-."_----

.. -0.5 _ _ t .J
: 0 1.0 2.O 3.0

-0.5 _ J ']
: 0 1.0 2.0 5.0

'L4

-_ 4. Closure

' I. Measurements of effect of swirl, expansion angle and
(

contraction blockage o_._.nflowfield patterns,

I Z. Computer prediction studies of associated phenomena, i
- 3. Turbulence modeling developments for the simulation of

'| swirling recirculating flow.
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DILUTION JET EXPERIMENTS IN

: COMPACT COMBUSTOR CONFIGURATIONS

Isaac Greber

' James Zizelman

Department of Mechanical and Aerospace Engineering
Case Western Reserve University

This project concerns the effects of cooling jets on the

velocity and temperature fields in a compact reverse flow

combustor. The work is motivated by the need to limit the
i

temperatures of post-combustion gases in jet engines to values
• t

": within the endurance capabilities of turbine blades. The

application requires not only that the temperature be kept

sufficiently low but also that a suitably tailored temperature

profile be provided at the combustor exit, with higher

temperatures generally permissible at the blade tip than at the

blade root because of higher centrifugal loads at the root.

Flows in reverse flow combustor accelerate both

: longitudinally because of area changes and transversely because

of flow turning. The current project started with flow

visualization experiments in water, using aqueous solutions of

zinc bromide to model the relatively higher density of cooling

jets. These flow visualization experiments were conducted in .

I simple two-dimensional configurations designed to examine iseparately the effects of longitudinal and transverse !

I acceleration. The next phase of the work consisted of
r temperature measurements in a model reverse flow combustor, using

153
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" a rake of thermocouples which could be moved both longitudinally

and transversely to provide transverse temperature profiles at a

number of longitudinal stations. Single jets, and rows of

: cooling jets of different spacing, were injected at several

locations with varying flow rates and temperatures to produce a

useful range of momentum ratios and density ratios. In addition,

a semi-empirical calculational model was developed to predict the

behavior of a single cooling jet in the reverse flow combustor

configuration.

Results of these experiments show that single jet

temperature trajectories are swept toward the inner wall of the

turn, whether injection is from the inner or outer wall. A

widely spaced row of jets produces a trajectory similar to that

of a single jet. As spacing is reduced, jet penetration is also

reduced, and the cooling jets tend to remain close to the wall

from which they are injected. These results suggest that

suitable cooling and temperature distribution tailoring can be

accomplished without injecting cooling jets upstream of the turn,

and thus it appears that combustors can be made significantly

smaller than current designs.
?

. The current phase of this project is directed toward the
_J

acquisition of velocity measurements in the turn section of the
w

z combustor. To this end a combined pitot-static tube and

thermucouple probe was constructed. Following successful tests

of tl_is probe, a five-probe rake using the same design was

constructed. Velocity and temperature distributions are being

obtained using this rake. Because of the large quantity of data

required for adequate representation of the velocity and

154
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temperature fields, the data is being directly computer acquired.

An attempt to develop a semi-empirical calculational model

for a row of jets, similar to that for a single jet, was limited

by the absence of fundamental mixing information for rows of

jets. Consequently, experiments were performed to obtain

entrainment rates for rows of jets. In these experiments volume

flow rates were deduced by integrating velocity distributions

obtained from hot wire anemometer transverses. A Master's thesis

describing these results is in preparation. In a companion

effort, vortex models of a jet in cross-flows have been developed

in an attempt to understand the relative importance of viscous

and ipviscid phenomena in determining the jet trajectories.

Throughout this work we have been fortunate to have the

support and advice of Steve Riddlebaugh of the NASA Lewis

Research Center, and we are pleased here to thank him.
f

. PUBLICATIONS

r
Lipshitz, A., "Dilution Jets in Accelerated Cross Flows", Ph.D.

Dissertation, Case Western Reserve University, 1981.

i Riddlebaugh, S., Lipshitz, A., and Greber, I., "Dilution Jet
Behavior in the Turn Section of a Reverse Flow Combustor",

, AIAA paper 82-0192, 1982.

Lipshitz, A., and Greber, I., "Turbulent Jet Patterns in
Accelerating Flows", AIAA paper 81-0348, 1982.

Karagozian, A., and Greber, I., "A Vortex Model for a Single Jet
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FREE STREAM TURBULENCE AND DENSITY RATIO EFFECTS ON THE

INTERACTION REGION OF A JET IN A CROSS FLOW1

9

C.E. Wark" and J.F. Foss

Dep.._z'tm_nt of Mechanical Engineering

Michigan State University

Jets of low temperatare air are introduced into the aft sections of gas

turbine combustors lot the purpose of eooiing the high temperature gases and

quenching the combustion reactions. Research studies, motivated by this

co_plex fl_,w field, havo been executed by introducing a heated jet into th T
cross stream of a wind tunnel. The investigation by Kamotani and Greb,_r

stands as a prime ,xample of such investigations and it serves as the prin.-

cipal reference for the present study.

The Low _isturbance level ot th- cross stream, in their study and i;, similar

research investigations, is compatible with :,n in, crest in identifying the

basic features, of this flow tield. The influ._n,:e ot the prototypes' stronglyt

; disturbed cross !low is not, however, made apparent in these prior
"" investigations. The present study provides a dire,:t com_arzson of the thermal

". field properties for a low {5/I; m = 0.67_,) and a high (O/V = 34_) r
disturbance level condition.

;

A novel technique, was used for th_ data acquisition (Figure 1). Sixty-four

tast response {_ : _m.qev) thermocouples wer,, simultaneously sampled {and

corrected for the tlm_ constant _,t'tect) at a downstream plane close to the jet
exit (x/d-3-4). Various measures were used to _haractorize Lhe thermal fields

for the disturbed ,rod undisturbed conditions, for two different momentum flux
,) ,)

ratios (J-ojV /p V -16,64), ,and for throe ove.'hear conditions
¢T.-22.2, a7.1 and 61.1).

3

Two forms of data acquisition w_,re used fez this study. Stochastic values i

were obtained |zorn triplet values: TK(t-_t _ , Tk(t) and Tk(t+6t) , where I

K=I 64 is l. he th_rmocouple designation and the tgt (_t=O 64_sec) values

, were used t- form the central dif/erence time d,,rivative from which the i

Tk( was determined Tilese values were,:orzer't,,d t,'mperatu['_ value: { t)}c,

retain,,d to_ t, t+ht, (+'.',t .... t+Nht where N=5,000 fo= the undisturbed and

lO,OOO fur tile di:;turbed ,'on,tit ion a_:d At=lOOms _;hich ensured the statSsttcal

independence fzom its neighhort,g value. Instantaneous samples: At • 0.64mi
and N-I _ ") _ ; ',,._ wer- stored for J,,16, 64 and T. - 61.1 c. ,

1

2 Supported by NASA Grant NAG 3-245
M.S. 1084, presently at lllinole Institute of Technology

163

®,

1984012457-159



....

tj_ i

ORIGINALPAGE II
• OF POOR QUALlrY _'

RESULTS

- HistJgrams, formed from the independent samples, were sufficiently smooth to

approximate a probability density function; examples are shown in Figure 2 for

. a thermocouple from the central region of the jet. A striking result, from

all such histograms, is that the peak (non-dimensional) temperature did not

exceed 0.25. Hence, even at the relatively close x/d locations of the present

study, molecular diffusivity has played a dramatic role in the reduction of

the temperature for the fluid elements of the jet.

The individual histograms and the isothermal patterns that are fit to the

mean values of the corrected temperatures, both reveal that the magnitude of

the overheat exerts a significant dynamic effect on the !et in a cross flow

problem; see Figures 3 and 4. It is pertinent to note that the increasing

distance of the thermal center of gravity, from the source plate with in-

creasing jet temperature, is opposite to that which would be expected from

buoyancy and enhanced entrainment effects. The former agrees with the

Kamotani and Greber results, the latter is in disagreement. The physical

; reasons for this unexpected behavior are not apparent; the consistency of the i
_ trend: an increased penetration of the thermal field with an increased jet

temperature, _c conslstently observed and serves as a primary focus for

further study. A further comparison with the results from Kamotani and Greber

(see Figure 5) reveal_ a substantial difference between the jet penetration

• for the two studies. This difference is (at least in part) attributed to the

presert use of a sharp-edge nozzle and to the large (6/d = 1.3) boundary layer

for the present study.

One clearly apparent effect el the large disturbance condition is the mi-

gration of the centroid of the thermal f_eld; see figure 6. Similar data for
q_

all of the instantaneous scans (6 disturbed, 3 undisturbed) are summarized in

Table I; note: K is the normalized correlation coefficient between the
st

> vertical (s) and transverse (t) displacements of the thermal center of i
gravity.

TABLE 1. Cross strea-a disturbance effect

on centroid of temperature field

J o _ F
s t st

c.g. c.g.

undisturbed t'.f. 16 ,_41 .253 .067

undisturbed c.f. 64 .233 .233 -0.13
i

di sturbed c.f. 16 1.84 1.45 -0.33

di,Iturbed c.f. 64 1.16 1.12 -0.45

The lower mean values, of the disturbed cross stream mean isotherms, are '

apparently caused by these large centerline migrations; figure 7 shows an i-.
Instanta,.eous isotherm pattern that reveals maximum temperature values of the
same order as those for the undisturbed case.
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MOI)ELIN8 OF DILUTION JET FLOI_FIELDS

by J,D. Holo, _an
NASA Lewi_ Research Center

• and

t f_. Srinivasan
B .

_- The Barrett Turbine Engine Company

Considerations of dilution zone mixing in gas turbine
combustion chambers have motivated several studies of the

mixing characteristics of a row of jets injected normally into

a flc_ of a different temperature in a constant area

duct. -- _- I -4 Recently, experiments have been performed
to extend these investigations to include geometric and 41ow

variations characteristic of most gas turbine combustion

chambers, namely a variable temperature mainstream, flow area
: convergence, and opposed rows of jets, either in-line or

staggered; =. '_'see figures 1 & 2.

' The present paper will compare temperature field measurements

from selected cases in these investigations with distributions
calculated with an empirical model based on assumed vertical

prufile similarity and superposition t* and with a 3-I)

elliptic code using a standard K-E turbulence model. 7

The results will show the capability (or lack thereof) of the

models to predict the effects of the principle flow and
geometric variables.-'- '_._.''

Variations w_h Orifice Si_e and_Sl_acinq. At constant i
orifice area, changes In orifice size and spaclng can result in

jets which vary from under-penetration to over-penetration. ,,

, This is shown in figure 3a) and b), for jets from closely : i

. spaced small orifices and widely spaced larger orifices
respectively. The empirlcal ¢a_del reproduces the data very _II

in the small orifice case, since the data are consistent with i
_ the major assumption in the empirical model, that all vertical

, temperature distributions can 3e reduced to similar 8aussian

: profiles. The empirical model does not do as well in the larger , !
_" orifice case however, as the jets have impinged on the opposite , !
' wall and the vertical profiles are not similar.

r The analytical model calculations made with approximately

| 20,000 nodes, although in qualitative agreement with the datat ;,
under-predict the mixing. That is, the temperature gradients, i -

especially in the transverse directionp are too steep. This i
result is typical of the analytlcal model calculations to be

shown in this paper. For the small-orifice ca_e a coarse-grid
calculation using less than bOO0 nodes was also performed. This I
solut:_1 illustrates the dlfeu$ive nature of the calculation

ITS
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and t_ slgnlflcant ll_fiuPncP, of grid seJectlon on the solutlon
obta_ ned.

Coupled Spaclng and Momer_tum Flu-. Ratlo. Examlnat_on o_

the experimental data revealP.d that sJnlilar profile_ can b_

obtained over a range of momentum _lu× ratios, independent of

orifice diameter, _f orifice _paclng and momentum flux ratio

are correctly coupled. -','',_'.'+ [his I__ shown In figure
/, 4a) to c),

¢
In all of the comblnatlons shown here, the emplr_cal model

: r_sults are In very good agreement with the data, a_ the data

are conslste[,t with the Gausslan prof_ie assumptlon. The

analytlcai model cdiculatlons uslng approxlmately 20,000 nodes

for these cases agrL, e qualltlllvely with the data, as in the

previous figure. In the medlum momentum flux ratio case, a

second calculation was performed with the sa_e total number of

grld polpts, but with the nodes sllghtlf more concentrated in

the viclnlty of the let exit. As can be seen In figure 4b),

these two results are not substantially different.

Uarlable Temperature Mainstream. [he In ���Èa

non-lsothermal mainstream flow c,_ the profiles for medium

r " momentum flux ratios wlth S/Ho--.3 and Ho/D=4 can be seen by

" comparing figures 5 & b. The sI,=_e of the experlmental profiles
.. In figure b suggests modelllg them os a superposltlon of the

upsLream pro_lle and the corresponding ;ets-ln-an-_sothermal

mainstream dl_trlbutxon.'" This glve_ only a crude

approxlmat_on !-,qwever, as seen in the emplrlcal mod_l results,

because of the cross-stream trapsport of malnstream _/iuid due

to the blockage, which is not accounted for in super_mposlng

the dlstributlon_.

In _he variable temperature mainstream cas_ the analytical

model results aqree w_ll with the experlm_ntal data, espec_ally

on the _et centerplane, but the transv_.rs_ m_xlng is

underpredlcted, as in the corresponding _sothermal ma_natre _m

case _n f_gure 5.

O p___Rows o_ In-l_n_ J_Ls. Fur opposed rows of jets,

with the orlf_ce centerlznes In-line, the optimum ratio o_

orifice spac_i_g to duct height :s one-half c._ the optimum value

fo_ single-s,de In}ectlon a_ the same _o._ent_m flux

ratlo. 'w As as example consider the slngle-s_de case

wlth S/Ho=.5 and Ho/D=4 i_0 flqure 5 and the ,_pposed row of

&n-llne ;ets w_th S/Ho=.25 and Ho/D=8 _n f,c]ure 7.

I
The emp_rical model predicts the oppose_-)et case very _II,

: verifying the prim_ry assumption that the effect of a plane of

symmetry Is _i_lar to _hat of an opposlte _all. _. "_

! Note that the exper_mer, tal profiles on both slde¢, of the plane

i of symmetry support the Gaus_lan profile assumption. The
analyt,_cal model results sho_ the _teep transverse and lateral

gradients seen ]n almost all qf the previous calculations a|so_
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• but are in otherwise good agreement with the data.

Opposed Rows of Staqqered Jets. For opposed rows of jets,
vJith the orifice centerlines staggered, the optimum ratio of

orifice spacing to duct height is double the optimum value for

single-side injection at the same momentum flux

ratio. _ As an example consider the single-side case

with S/Ho=.5 in figure 5, and the opposed row of staggered-jets

with S/Ho=I in figure 8.

The empirical model does not handle this complex case Nell, as

the fluid dynamic interactions here are not amenable to a
direct extension of the simple Gaussian profile and

superposition type modeling appropriate for most of the

single-side and opposed-jet cases of interest. The analytical
model calculations give slightly better agreement with the data
than does the empirical model, and would be expected to improve

with overall improvements in the capability of the 3-D codes.
f
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TURBULENCE CHARACTERISTICS OF AN

p

AXISYMMETRIC REACTING FLOW

Richard D. Gould, Warren H. Stevenson

and H. Doyle Thompson

Purdue University School of%

Mechanical Engineering

b

Turbulent sudden expansion flows are of significant theoretical and practical

importance. Such flows have been the subject of extensive analytical and experi-

mental study for decades, but many issues are still unresolved. Detailed informa-

tion on reacting sudden expansion flows is very limited, since suitable measurement

techniques have only been available in recent years. The present study of reacting

flow in an axisymmetric sudden expansion was initiated under NASA support in !

December 1983. It is an extension of a reacting flow program which has been carried

out with Air Force supl_0rt under contract F33615-81-K-2003. Since the present
• i
" , effort has just begun, results are not yet available. Therefore a brief overview

of zesults from the Air Force program will be presented to indicate the basis for i

the work to be carried out. Details may be found in reference I.

Laser velocimetel measurements of mean streamwise velocity and turbulence in- 2
Jl

tensity were made in the highly turbulent flow field following a sudden pipe ex- L
pansion. Both isothermal and reacting flows were studied. A fused quartz test

section was used to permit laser velocimeter measurements throughout the flow field

for x/H values from 0.33 to 15. A lean partially premixed propane-air mixture

(_ = 0.28) was used to keep the wall temperature low enough so that steady state

operation was possible. The inlet flow cundition was that of fully developed I
turbulent pipe flow with a centerline velocity of 22 m/s. The corresponding

Reynold's number based on step height H and inlet centerline velocity Ul was ,
5.5 x 104. {

Three complete sets of LDV measurements were made. Two were in isothermal

flow (biased and unbiased) and one was made in the reacting flow (biased). The !

biased and unbiased cold flow measurements were compared to determine the effects

of velocity bias on the measurements. The hot and celd flow measurements were i
compared to determine the effect of combustion on the structure of the flow field.

(Unbiased hot flow data could not be obtained because of particle seeder l_mita- !
tions. )

T

The scope of the investigation is outlined in figure I. The experimen%al

apparatus is shown in figures 2-4 and test parameters are presented in figure 5.

Examples of some of the data obtained are given in figures 6-15 and conclusions

which can be drawn are given in figure 16. A summary of the further research _

planned under the present NASA s[_onsored program is presented in figure 17.

, ;
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i
" SCOPEOFTHESTUDY"

i, Measuredstreornw_seneon velocities and turbulence
ntens; t [es,

2 _ d_fferent meQsurements were mGdeat eoc_measurement
location to form 3 complete data sets, They ore
identified as:

+ blose_ }, unaLasea cold flow
* DIcsed hot flow

I

5 Reot:ocnment oolnt was located,

4 Integrated moss flux at each measurement plane was
calculatedand was used as o contlnUlty cheCK, i

t
5. Peasured temperature at o _lone located 17 step I_e;gnts t

" downstreamof the suddenexpansion, , I
", b. ConDorlsonof coldflowgalawlth2/E,FIX,

i
"ASControlF336_-81-K-2003

{

i

F[gure i _,
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UPPER OPTICS PACKAGE

Acousto-Optic $|kling Prism PM Tube_-_Modulators & Adj. Mirrors

Transmitting Receiving _
Beom Lent LenSes ]_

-., --- Adi
> "" TestRegion Mirror

z

J

Optics Table

LOWER OPTICS PACKAGE

BeQm Expander Polaritotion

Telescope Rotator , '

f2,68 mm fl.44 mm
(movabts) (fixed)

Figure 2 t_}V ("_pt_s p_(ka_]e l
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191

, ..,,,B,A=,_ . ,dl=,==,. . f" ""

1984012457-186



Fq':'_ " _ _"

ORIGINAL PAGE fS
OF POOR QUALITY

' F........ L 5969 "1
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Not to Scole

} I(JLIrl_ 4. (Jeumetry of Axtsylml_trlc Test kectton

,)

TESTPARAMETERS

FLOWPARAMETERS

Ut : Z2.07 m_s _P!TOTTU_E MEASUREMENT)

%3 : 1.1 x 105

Re_ = 5.5 x lO4

OVERALL FIA = g 0183 (GASEOUSPROPANE)

OVERALLEQUIVALENCERATIO, ¢ • 0.28

C_
C

-" DIN • 76.2 mm(3 in}

_-_ OQUT • 152.4,_ (6 _m)

AREA RAT:O,AR • 4

STEP HE;GHT,, : ]8.1mm _1.5 In}

UNBIASED COLD BIASED COLD BIASED HOT
PARTICLEARRIVAL _TE' > 20,000 500-1500/sec 500o150D/sec

SAMrLERATE. 50/sec "FREE" (4700/sec) "FREE"(4/DO/see)

SEED: DOP A1203 AIzO3

Figure5
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(COLDFLOW)
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1/3 1.00 ---
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3 1,056 I,_00
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15 1,031 1,166
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DIRECT NUMERICAL SIMULATION OF REACTING FLOWS

James J. Riley and Ralph W. Metcalfe

Flow Research Company

The objectives of thi6 work are (i) to to extehd tile technique of direct numeri-

cal simulations to turbulent, chemically reacting flows, (ii) to test the validity of

the method by comparing computational results with laboratory data, and (iii) to use

the simulations to gain a better understanding of the effects of turbulence on chemi-

cal reactions. In particular, we address the effects of both the large-scale struc-

ture and the smaller-scale turbulence on the overall reaction rates, examine the rela-

tionship between infinite reaction rate and finite reaction rate chemistry, and com-

pare some of the results of our calculations with existing theories and laboratory
data. The direct numerical simulation method involves the numerical solution of the

detailed evolution of the complex turbulent velocity and concentration fields. Using

very efficient numerical methods (e.g., pseudospectral methods), the fully nonlinear

(possibly low-pass filtered) equations of motion are solved and no closure assumptions

or turbulence models are used. Statistical data are obtained by performing spatial,

' temporal, and/or ensemble averages over the computed flow fields.

The scope of work to do this involved the following. First, existing computer

codes were modified to treat the present problem. Next, extensive numerical testing

of the computer codes was performed. Finally, in order to examine the effects of the

mixing layer turbulence, both the large-scale structure and the smaller-scale turbu-

lence, on the overall reaction rates, a sequence of three problems was computed: (i) i

reactions on a unidirectional (one-dimensional) mixing layer, (ii) reactions on a

mixing layer experiencing large-scale, two-dimensional vortex rollup, and (iii) reac-

tions on a three-dimensional turbulent mixing layer. The simulations of the two-

dimensional mixing layer with vortex rollup are intended to model the large-scale

structure in the mixing layer, whereas the three-dimensional simulations contain both

the large-scale structure and the smaller-scale turbulence.

The numerical testing involved the comparison of computed results with exact solu-

tions for a number of different cases. Both rigid body rotation and vortex rollup

flow fields were used. The work greatly extended the results of Orszag (zef. I) for

the advection of a passive scalar on a rigidly rotating flow field (the color problem)

. to include also diffusion, chemical reaction, and more complex flows. We have found

that high accuracy of the spectral methods observed in the advection case is also

obtained when these further complications are present. Our results indicate that

' spectral numerical methods may prove to be useful in the future both for solving the

model equations for combustor processes as well as for future studies of chemically

i reacting turbulent flows employing direct numerical simulations.
• !

i The approach of direct numerical simulations allowed extensive examination and '

I interpretation of the reaction process. From the one-dimensional simulations, we ,

found that we could easily compute finite reaction rates near the fast reaction limit,

that the results were fairly insensitive to the initial conditions (for the class of

initial condition_ computpd), and that the results were in reasonable agreement with
theoretical predictions.
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For the two-dimensional simulations, we found that in all of the cases computed,

the vorticity field and the product field approximately coincided. From the computa-
tion of volume averages, we observed the enhancement of the overall reaction rate due
to the vortex rollup. It also appeared that the merging of vortex cores was a more

significant mechanism in increasing the overall reaction rate than the straining of

the reaction interface. Significant species segregation was apparent, so that, for

example, the product o[ the average concentrations was approximately equal to and

opposite the correlation between the fluctuating concentrations. Some of the hig_er
order correlations were also examined.

In the three-dimensional simulations, the contour plots indicated that the vortex

rollup takes longer to develop, and the vortices and braids are not as distinct as in

the two-dimensional case. Also, the vortices that develop are not strongly corre-

lated laterally. Both the contour plots and the statistical results indicated that

the spatial segregation was also not as strong as in the two-dimensional case,

probably due to the weaker vortex rollup as well as the effects of smaller-scale,
three-dimensional turbulence.

Comparisons were made between the simulation results end results using similarity

theory. Approximately linear growth rates of various computed length scales, in-

cluding the mean velocity half-width, the mean vorticity thickness, and the mean pro-

duct thickness, were obtained and were in agreement with the theory. Similarity
scaling was found to collapse quite well the results for the average reactant concen-

trations, the rms fluctuating reactant concentrations, the concentration correlations,

the average product concentrations, and the r,ns fluctuating product concentrations, i

Some limited comparisons were made with laboratory data. Computed profiles that

were qualitatively similar to corresponding laboratory profiles were obtained for the

average reactant concentrations, the rms fluctuating reactant concentrations, the

average product concentrations, the rms fluctuating product concentrations, and the
concentration correlations.

We have made son_ comparisons with existing theories. Donaldson and Hilst have

suggested, in addition to using the equations for the average concentrations, in-
cluding the equations for the concentration fluctuations and correlation (ref. 2).
These equations can be closed by neglecting certain triple moments when compared to
certain lower order terms. However, our results indicate that the triple moment
terms are as important as other terms in the equations, so that an assumption of this
type will probably lead to poor predictions. Mason and Spaulding have proposed a

model for the mean reaction term, suggesting that it will be proportional to the !
average concentration of the lean species divided by a turbulent time scale (ref. 3). b

_. We have found that such an assumption will only be moderately successful if applied f

' to our ca_e. Finally, Tour has suggested estimating the concentration correlation of ',
the reacting species in terms of that for the nonreacting case, which is much easier ' I

'l to model (ref. 4). Although this was proposed mainly for statistically homogeneous
l flows, we find that it is a reasonable approximation for our reacting flow
t s imulations.
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OBJECTIVES

• Beginthe Extensionof DirectNumericalSimulationsto Combustor
Flows

• Developcomputationalmethodology
I

• UseDirectNumericalSimulationsinOrderto i
• Betterunderstandtheeffectsof turbulenceonchemicalreactions i

• Suggestmodelimprovements

• TestValidityof theMethod byComparingComputationalResults ."

withLaboratoryDataandTheoreticalModels ,

I

• PROBLEM CONSIDERED
i

• TempoqsllyGrowing,Three-DimensionalMixing Layer i
I

; • Binary,Single-Step,Irreve'sibleChemicalReaction
(A + nB_ products)withnegligibleheatreteese

• VerySmallMechNumber
t

• InitialConditions- NonPremlxedSpeckm 1

!
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SCOPE OF WORK

-; • Modify ExistingComputer Codesto Treat the PresentProblem

• PerformNumericalTestingof theComputerCodes

' • ComputetheFollowingSequenceof Problems
_;' • Unidirectional(one-dimensional)flow
•. • Large-scale,two-dimensionalvortexrollup

• Three-dimensionalturbulentmixinglayer

,p

EQUATIONS OF MOTION

• Conservationof Momentum

0t u. + U._xjU. - + u x2 u.i I I _O_xiP _ J j =I
• Conservationof Mass

• 0

8x--_.u'l= 0

",' • Conservationof SpeciesA andB

+ O ___2
C1 u.o, , _cl = -R_c_c2 + D1ax_Cl

8 8

, _--tC 2 + uj'_xj C2 = -R 2 C1 C2 + D2 _-'x22C2J

• InitialBoundaryConditions
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DIRECT NUMERICAL SIMULATIONS

. • Compute the Solution of the Navier-Stokes EquationsNumerically

• Initial Conditions(or Upstream Conditions)

Random, turbulent-like- so that the flow field startsout
_ as turbulent-like - or

: Small amplitude perturbations -- compute the flow through
transition to turbulence

• Compute the Time Development of the Detailed Structure of the
Flow Field

• • No ReynoldsAveraging

• Statistical Resultsare Obtained by Performing Spatial, Temporal,
or EnsembleAverages over the Computed Flow Field

• Analogousto LaboratoryExperiments

NUMERICAL METHODS

• Pseudo-SpectralMethods

• Expand the dependent variablesin fast-convergingseries

E.G.,

u(x) = _ _(k)e ikx
. Ikl<K
-'_. • ResultingEquations

= _-Cllk,t) + i - (k') = -81 C'llk-k'lC'2lk'l-Dlk2C'llk) .

Convection Reaction Diffusion
0

! 204

-

1984012457-199



(

NUMERICAL TESTS

4

• Color Problem (Rigid Body Rotation of Passive Scalad

,. • Convection Alone (Orszag,Seinfeld et al.)

• Convectioq PlusReaction (Exact Solutions Available)
• Convection PlusDiffusion (ExactSolutions Available)

• One-Dimensional, Diffusion-ReactionProblem

• Test Against Exact Solutions

• Two-Dimensional Vortex Rollup

• Convection, Diffusion, and Reaction
• "Exact" Solution for 0 = C - C is Known

from PreviousCalculation 1 2

¢

t

' i

qt

. NUMERICAL TEST PROBLEMS '
1

• Two Dimensional RigidRotation (Color Problem)

• Initialcondition: Clx,z,0) = exp x2 I

• Analytical Solution for Identical Initial ConcentrationFields ,
(No Diffusion) tL/

, , Clx',z',0) ;C(x ,z ,t) =
1 + RtC(x',z',0) '

: • Analytical Solution with Diffusion (No Reaction) '

x.21x2o z,21Z2o1

C(x',z',t) = /( 1 exp 4Dt _[1 + 4-D't ,| i

" 1 + 4Dt _[1 + 4Dt/ 1 + ..

4 4 J 4 jj ,:
i
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A

Cnmputed ConcentratLon Field After Oae Revolution - No Diffusion
or Relc _ion
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Computed ¢ol_centtlt._.oll FieLd Atl.er One-lbll[ _,evolution- No

q

Computed Concentration FLeld Alter _|t |evolution - No

: Dlffuszon, R " 4,0
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Figure 21c t = 35

Plots o_ Voct_ciCy Contours for • Sequence of Times - C•se 3
(Fund•mental and Subh•rmonic Added Together Out-of-Phase)
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TWO-DIMENSIONAL SIMULATIONS

• CaseI: Most Unstable Mode BasedUpon LinearTheory
(Fundamental)

• Resultsina SingleRollup

" ' • CaseI1:Subharmonicof theMostUnstableMode

• Resultsina SingleRollup,ofApproximatelyTwicetheSize
andTimePeriod =

• CaseII1:FundamentalandSubharmonic90° Out-of-Phase

• Resultsina DoubleRollup

1

I=
• 1

t_

EQUATIONS (CONT.)

• DefineConservedScalar0 = CA - CB • !!

Then0 satisfies

[] + u'Ve = D 0 x----_0 (No Rdependence)

with initialconditions0(t = 01= 010)= CA(0)- CB(0) ,i

"" • InfiniteReactionRateLimit
i

0<o - 0<o

Cp canbe obtainedfromconservedscalar

£1= Cp+C A

where2JalsosatisfiesEquation[]

withinitialconditionsO(t= 0) = £1(0)= CA(0) i
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CONCLUSIONS

• Color Problem Tests Showed That

• Spectral methods produced high accuracy solutionsinthe
presence of advection, reaction,and diffusion

• Weak spatial filter insurednumericalstability

• One.Dimensional SimulationsShowed That

• Calculationsclose to the infinite reactionrate can be done

• Resultswere fairly insensitive to initialconditions

• Resultswere in reasonableagreement with theoretical
prediction3

• TwoDimensional SimulationsShowed That

• Reaction zone was significantlystretched by vortex rollup

• Vorticity and product fields coincided

• Significant speciessegregationand "flame shortening"
effects were present

CONCLUSIONS (CONT.)

• Three.DimensionalSimulationsShowed That

• Good agreement with self-similarity theory was obtained

• Technique can treat entire range of reactionrates- from very
slow to infinite

• Computed profiles qualitatively similarto profilesfrom
laboratorydata

, • Quantitativecomparisonswill be made soon

• Nondimensionalproduct thicknesswas 0.22 - compared to
values of 0.3 to 0.35 from laboratorydata

• No adjustable parametersare used

• Some presently used estimates of correlationproducta
can be significantlyin error
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_ CHARACTERISTICS OF INHOMOGENEOUS JETS IN CONFINED SWIRLING AIR FLOWS

'._

.,, Ronald M. C. So and S. A. Ahmed
"," Arizona State University ,

f:

=,_, Flow fields in the neighborhood of confined jets proved to be of great

.n interest for gas turbine combustor designers, Although there have been,4
,+

numerous investigations on the characteristics of confined (1-4) jets, very
¢

; little quantitative data exist for confined jets in a swirling flow. We have

recently started an experimental program to study the characteristics of

Inhomogeneous Jets In confined swirling flows to obtain detailed and accurate

L data for the evaluation and improvement of turbulent transport modeling for

combustor flows. Our work was also motivated by the need to investigate and

quantify the influence of confinement and swirl on the characteristics of

inhomogeneous jets.

The flow facility at Arizona State University was constructed in a simple

way whtch allows easy interchange of different swtrlers and the freedom to

vary the jet Reynolds number. The velocity measurements were taken with a one

color, one component DISA Model 55L laser-Doppler anemometer employlng the

forward scatter mode, Standard statlstlcal methods are used to evaluate the

various moments of the signals to give the flow characteristics. _;
!

The current project started with the measurements of the velocity field, i

The second phase of the work wlll concentrate on the Investigation of the i
0 I

scalar fluxes utilizing concentration probes. Finally, the two different )

sensors wtll be used simultaneously to determine the turbulent momentum and

mass fluxes tn the whole flow fteld.
f

The present work was dlrected at the understanding of the veloclty field.

Therefore, only veloctty and turbulence data of the axial and circumferential
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components are reported for tnhomogeneous Jets In conflned swtrl tng atr flows,

Results to date show that the jet centerltne velocity decreases rapldly In a

short distance for both Helium and air Jets. However the similarity between

Helium and air jets ends here. For atr jets, the Jet-like behaviour in the

flow disappears at about 20 diameters downstream of the jet exit. This

phenomenon is independent of the lntttal jet velocity. When this stage is

reached for the mean flow, the turbulence field also decays to that of the

background swtrllng flow. For Helium jets, the Jet-llke behaviour Is noticed

even at 40 diameters downst, eam of the jet exit. The turbulence field also

reflects the same behaviour. Since the Jets are fully turbulent (therefore,

independent of jet Reynolds numbers) and ti;e jet momentum fluxes for both alr

and Helium jets are the same, the cause of this difference in behaviour is

attributed to the combined actton of swirl and density difference. Thls

i
behaviour could explain some of the cotmon observations tn gas turbine ':

v
i

combustors. P
I

The completion of the proposed work will make a substantial contribution

to the understanding and predictive capability of complex turbulent swtrltng

flows with lnhomogeneous jets.

I
i
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;_ SATURATED LASER FLUORESCENCE IN

;_ TURBULENT SOOTING FLAMES AT HIGH PRESSURE

. Galen B. King

_[ Campbell D. Carter

Normand M. Laurendeau
I-
IJ

4C Flame Diagnostics Laboratory '
School of Mechanical Engineering

' i ity: Purdue Un vers

t

. t

3- J

_ The primary objective of th±s project is to develop a quantitative, single

pulse, laser-saturated fluorescence (LSF) technique for measurement of radical

species concentrations in practical flames. The species of immediate interest is $

the hydroxyl radical. Measurements will be made in both turbulent premixed and dif-

. fusion flames at pressures between 1 and 20 atm. Interferences from Mie scattering

will be assessed by doping with particles or by controlling soot loading through I

variation of equivalence ratio and fuel type. The efficacy of the LSF method at i

high pressure will be addressed by comparing fluorescence and absorption measure- i

ments in a premixed, laminar flat flame at 1-20 arm.

Signal-averaging over many laser shots is sufficient to determine the local 1
concentration of radical species in laminar flames. However, for turbulent flames,

single pulse measurements are more appropriate since a statistically significant

; number of laser pulses is needed to determine the probability distribution function

(PDF). PDFs can be analyzed to give true average properties and true local kinetics

in turbulent, chemically reactive flows.

PROGRESS OF WORK

The construction phase of the high-pressure facility is nearing completion.

This includes the fabrication of not only the high-pressure vessel, but also the

optical table in which the pressure vessel is mounted and other support systems,

including the high pressure burners and the gas flow control system.

The pressure vessel is constructed from a 109 cm long by 20 cm ID stainless

steel tube, to which four 6.4 cm ID tubes are welded. Slip-on flanges are welded at

the ends of these smaller tubes to hold the optical windows. Central to the design ,

of the pressure vessel is the use of an internal burner-translation system rather

than translation of the entire vessel to access the various points in the flmne.
iThis arrangement allows two dimensional movement of the burner within the pressure

vessel. Maximum travel is greater than ii cm in the vertical and 3.8 cm in the _ i

horizontal directions The translation stage is driven by stepper motors which ar_

in turn controlled by an Apple computer. The position of the burner is mu,_itored

with two linear transducers and a pressure transducer monitors the !_ressure within
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the vessel. By counting the number of steps sent to the stepper motors, the posi-

tion of the burner may be controlled to better than 3 um in both travel directions.

" Because of its size and mass, the pressure vessel will be located between two

optical bread boards rather than on top of a single optical table. A framework to

support the pressure vessel has been added to an existing table base and the optical
bread boards have been mounted on the table framework. Additional modifications to

the table are now underway, including (i) a cylindrical plexiglas shield to protect

laboratory personnel in case of pressure failure and (2) steel plates which will
surround the vessel to form a flat surface between the bread boards. A small winch

is also being mounted in the ceiling of the laboratory to aid in movement of the

pressure vessel during experiments.

Although initial plans for the high-pressure flame facility called for control

of gases by mass flow transducers, a simpler gas flow control system will be used

at this time. This strategy will allow greater variation in burner type during the

exploratory stage of our research. The control system we have constructed uses

• ordinary regulators and rotometers. This system, while simple and easily varied,

is limited to a useful pressure range of i0 atm. Therefore, we plan to eventually

add mass flow controllers to the flame facility.

Two burners have been designed for initial testing of the high pressure flame

facility. The first is a premixed water-cooled burner constructed with a Hasteloy,

hexagonal-pattern, flame holder. The main body of this burner has been constructed

and work is now in progress to shape the flame holder. A second flat flame burner

is being built by McKenna Products. This burner is a scaled down version of their

standard water-cooled sintered bronze, flare flame burner. The flame diameter for

both burners is approximately 3 cm to avoid self-absorption problems at high

pressure.

Significant advances have also been made in our ability to measure single-pulse

_ OH radical concentrations in turbulent flames. Measurements of superequilibrium

hydroxyl concentrations in nonpremixed flames at 1 aLm using LSF have been made in a

collaborative interaction between the Flame Diagnostics Laboratory at Purdue Univer-

sity and Corporate Research and Development at General Electric Company. The re-

sults of this study were presented at the 1983 Fall Meeting of the Western States

Section of the Combustion Institute and a paper has been submitted to the Twentieth i

International Symposium on Combustion.
!

An improvement has also been made in our sampling technique as we can now dis- i

T criminate against bad laser shots. With the use of a second sampling oscilloscope,

the power level of the laser pulse is monitored and fed into a computer along with

, the fluorescence signal. We are currently using this technique for measurements of !s

PAHS and will eventually incorporate it into our procedure for generating PDFs. In

this method, the analogue-to-digital converter and both sampling oscilloscopes are

triggered by the laser pulse and thus single pulse data for both the laser power

and the fluorescence signal can be collected. Data points in which the laser pulse

i shape or energy level are not satisfactory are then eliminated from the data set.
m
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LEAN LIMIT PHENOMENA

* C.K. Law

Northwestern University

I Extensive theoretical and experimental research have been accomplished on the

i various aspects of the structure and extinction of premixed flames. The• presentation will focus on only one specific topic of the lean/rich limit phenomena,
!

i namely the concept of flammability limits in the presence of flame interaction, and
the existence of negative flame speeds. Attention is called to other topics

4 reported in the publications Listed; contributions from them are no less significant

j but will not be presented due to the lack of time.

To appreciate the importance of flame interaction, we first note that although

predictions of complex flame phenomena are frequently based c3 understanding of
isolated flames, it is clear that in most situations the com Justion flow field is

composed of an ensemble of flamelets, of different intensity and extent, which

i continuously interact with each other and thereby can cause significant
modifications of the bulk combustion behavior.

In the present investigation downstream interaction between two counterflow
t

premixed flames of different stoichlometrles are experimentally studied. Various | ,
flame configurations are observed and quantified; these include the binary system of

two lean or rich flames, the triplet system of a lean and a rich flame separated by

a diffusion flame, and single diffusion flames wi_h some degree of premixedness.
Extinction limits at_ determined for methane/air and butane/alr mixtures over the

entire range of mixture concentrations.

The results show that the extent of flame interaction depends on the separation
distance between the flames which are functions of the mixtures' concentrations, the

stretch rate, and the effective Lewis numbers (Le). In particular, in a positively-
stretched flow field Le<I (>l) mixtures tend to interact strongly (weakly), while
the converse holds for flames in a negatively-stretched flow.

i

An important consequence of flame interaction is the modification of the

flammability limits of a mixture when it is stratified. If the mixture is only i
weakly stratified, then the conventional flammability limits for uniform mixtures

may still apply. H_wever, with more extensive stratification the stronger portion I

of the mixture may burn independent of the weaker portion, while the weaker portion
can also burn by receiving support from the stronger flame. The mixture is made
more flammable as a whole.

I

Our study has also established the existence of negative flames whose
propagation velocity is in the same general direction as that of the bulk convective

flow, being supported by diffusion alone. Their existence oemonstrates the tendency
of flames to resist extinction, and luther emphasizes the possibility of very lean
or rich mixtures to undergo combustion.
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: Flame interaction is also of relevance to the modeling of turbulent flames.

Within a turbulent flow field stratifications in temperature and reactant

concentrations invariably exist, caused by mixing inhomogenelties or, more subtly,

through the coupling between stretch a._d preferential diffusion even for an ,
initially homogeneous mixture. Thus a flame kernel initiated _rlthln a turbulent

' eddy will manifest effects of downstream Inteactlon between flames of different
intensities.

+ Publications

? i. "Effects of Heat Loss, Preferential Diffusion, and Flame Stretch on Flame-Front

Instability and Extinction of Propane/Air Mixtures," by S. Ishlzuka, K.

Miyasaka, and C. K. Law, Combustion and Flame, Vol. 45, pp. 293-308, (1982).

2. "On the Opening of Premixed Bunsen Flame Tips," by C. K. Law, S. Ishizuka, and
P. Cho, Combustion Science and Technology, Vol. 28, pp. 89-96, (1982).

3. "On Stability of Premixed Flames In Stagnatlon-Polnt Flow," by G. I.

Sivashlnsky, C. K. Law, and G. Joulln, Combustion Science and Technology,

Vol. 28, pp. 155-159, (1982). !
i

4. "An Experimental Study of Extlnctlon and Stability of Stretched Premixed

Flames," by S. Ishizuka and C. K. Law, Nineteenth Symposium on Combustion,

_ the Combustion Institute, Pittsburgh, Pa., pp. 327-335, (_983).

5. "Heat and Mass Transfer in Combustion: Fundamental Concepts and Analytical

Techniques," Proc. of ASME-JSME Joint Thermal Engineering Confer@nee , (Y.
Mori and W. J. Yang, Ed.), Vol. 2. pp. 535-559, (1983). ** Plenary Paper**

6. "An Invarlant Derivation of Flame Stretch," by S. H. Chung and C. K. Law, t

Combustion and flame, Vol. 55, pp. 123-125 (1984).

7. "Extinction of Premlxed Flames by Stretch and Radiative loss," by S. H. Sohrab
and C. K. Law, to appear in International Journal of Heat and Mass Transfer.

8. " On the Determination of Laminar Flame Speeds from Stretched Flames," by C. K.
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1

OVERALL OBJECTIVES
4

o TO UNDERSTAND THE FUNDAMENTAL PRESENT ACCOMPLISHMENTS
" MECHANISMS GOVERNING EXTINCTION OF

PREHIXED FLAMES. o IDENTIFIED AND QUANTIFIED THE
_- IMPORTANCE OF FLAME INTERACTION.

o TO QUANTIFY FLAMMABILITY LIMITS OF ,,
MIXTURES AND IDENTIFY DOMINANT o INDENTIFIED THE EXISTENCE OF LAMINAR

MECHANISMS IN OPERATION AT THESE FLAMES WITH NEGATIVE FLAME SPEEDS•
LIMITS.

o STUDIED EFFECTS OF FLAME CURVATURE ON

o TO IDENTIFY POSSIBILITIES OF BURNING INTENSITY.
EXTENDING THESE EXTINCTION/

J

FLAMMABILITY LIMITS. o CRITICALLY RE-EXAMINED EXISTING

METHODS IN LAMINAR FLAME SPEED

DETERMINATION; PROPOSED NEW
METHODOLOGY •

2 o THEORETICAL STUDIES ASSOCIATED WITH

POTENTIAL EXTINCTION MECHANISMS THE ABOVE TOPICS.

"" o HEAT LOSS.

o KINETIC TERMINATION.

! !.o FLAME STRETCH: IMPORTANCE OF FLAME INTERACTION
• t

FLOW NONUNIFORMITY

o PRACTICAL COMBUSTION FLOW FIELDS
FLAME CURVATURE CONSIST OF ENSEMBLES OF FLAMELETS.

FLAME ACCELERATION _
o INDIVIDUAL FLAMELETS BURN WITH

DIFFERENT INTENSITY AND EXTENT.

o INTERACTION BETWEEN THEM CAN EITHER

3 CONTRACT OR WIDEN THE EXTINCTION

"J PREVIOUS CONTRIBUT IONS -- LIMIT.

• o FLAME STRETCH, COUPLED WITH o ESPECIALLY RELEVANT TO TURBULENT

! PREFERENTIAL DIFFUSION (NON-UNITY FLAME MODELING AND FLAME PROPAGATION "

LEWIS NUMBER) EFFECTS, WAS IDENTIFIED IN FLOWS WITH CONCENTRATION ,
TO BE THE DOMINANT MECHANISM IN STRATIFICATION OR POOR MIXING

• OPERATION AT THE FLAMMABILTY LIMITS. CHARACTERISTICS

'_ o FLAMMABILITY LIMITS, DETERMINED BY
USING THE COUNTERFLOW FLAME, AGREE

WELL WITH EXISTING DATA•

!
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METHODOLOGY PRACTICAL CONCLUS IONS --

o ESTABLISH TWO PREMIXED FLAMES OF o METHANE-AIR MIXTURES LEANER THAN 5%

UNEQUAL STRENGTH BY THE COUNTERFLOW REMAINS NON-FLA_LE IF

• OF TWO STREAMS WITH DIFFERENT MIXTURE CONCENTRATION STRATIFICATION (OR

: CONCENTRATIONS. MIXING INHOMOGENEITY) IS WITHIN 4-6%;
¢ A HIGHER STRATIFICATION WILL INDUCE

_" o MAP THE FLAME CONFIGURATIONS AND BURNING.
EXTINCTION LIMITS AS FUNCTIONS OF

STRETCH AND FUEL CONCENTRATIONS OF
o MIXTURES ABOVE 6% WILL ALWAYS BURN,

- THE UPPER (_U) AND LOWER (_L) HENCE AUGMENTED FLAMMABILITY LIMIT.
STREAMS.

o INTERACTION IS STRONG (WEAK) FOR LEAN
o MEASURE THE TEMPERATURE PROFILE FOR (RICH) MIXTURES•

THE INTERACTING FLAMES.

_ o FLAMMABILTY LIMITS LESS (MORE)
SUSCEPTIBLE TO CONCENTRATION

STRATIFICATION FOR LEAN (RICH)
• MIXTURES.

7 o PROPANE-AIR AND BUTANE-AIR MIXTURES
,, EXTINCTION LIMITS (METHANE-AIR BEHAVE OPPOSITE TO METHANE-AIR

MIXTURES) MIXTURES.

o FOR RL < 4%, RU " 6% AND IS o MIXING INHOMOGENEITY PROMOTES i ._

INSENSITIVE TO RL; WEAK INTERACTION; BURNING• i' 1

STRONG FLAME BURNS INDEPENDENTLY, o EXISTENCE OF NEGATIVE FLAME SPEEDS

WEAK FLAME PARASITIC DEMONSTRATES THE RESISTENCE OF FLAMES : i
TO EXTINCTION.

o FOR 4% < (£L' RU) < 6%, o FLAM% STRETCH AND PREFERENTIAL i
DIFFUSION ARE CRITICAL FACTORS IN

(RL + RU)/2 " 5%; STRONG INTERACTION; DETERMINING FLAME CHARACTERISTICS, ,

SYMBIOTIC COMBUSTION. ESPECIALLY EXTINCTION.

_, o FRACTIONAL DEVIATION OF LEWIS NUMBER

o INTERACTION IS STRONG (WEAK) FOR LEAN FROM UNITY CAN CAUSE SAME EXTENT OF
_ DEVIATION OF FLAME TEMPERATURE.
°" (RICH) MIXTURES.

t

o THEORY SUBSTANTIATES THE ABOVE _

BEHAV IOR.

!
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F£gure 1. Possible modes of doqanstream _nteraction between two
premixed (lames, IF, Prem£xed Flame; DF: Dlffumion

FI_mP; LPF/RPF" l.ean/Rfch Premzxed Flame; PPF' Partially
Fre_,:xed Flame; PDF" Partial Diffuston Flame.

• , , ,--i • -_--'_ , , ,_--
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• ?" /
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0 = 4 6 S Io 12 14 ts _ Zo
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Figure 2. .t4applng of tl,e flame Figure 3. Mapptn8 of the flame
configurations and extinction confl&uratione and extLnctton ,
bounderle.q tot mLthane/alr boundariel for butlne/atr "

mixtures, mlxL urea. "
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Figure 4. Temperature profiles of methane/air flames: (a) Symmetric flames;
(b) Asymmetric flames; (c) Negative flame; (d) Triple flames; (e) !
l. Diffus_un flame; 2, Partial diffusion flame, concenCra¢ions are

fuel + 107. stoich. 02 In upper flea and air " 107. stoich, fuel Ln .,
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.ii
! INTERACTIVE COMPUTER MODELING OF COMBUSTION CHEMISTRY

and
il COALESCENCE-DISPERSION MODELING OF TURBULENT COMBUSTION

-i
_- David T. Pratt

University of Washington

The goals of this research project are as follows:

i. Develop an interactive computer code for simulation of a high-intenslty

turbulent combustor as a "single point" inhomogeneous stirred reactor [i]. This

will be developed from an existing batch processing computer code CDPSR [2].

2. Use the interactive CDPSR code as a guide for interpretation and direction

of DOE-sponsored companion experiments utilizing Xenon tracer with optical laser
diagnostic techniques to experimentally determine the appopriate mixing frequency,
and for validation of CDPSR as a mlxlng-chemistry model for a laboratory Jet-
stirred reactor.

3. Incorporate the coalescence-dlsperslon model for finite rate mixing into an

, existing interactive code AVCO-MARK I, to enable simulation of a combustor as a

modular array of stirred flow and plug flow elements, each having a prescribed

finite mixing frequency, or axial distribution of mixing frequency, as appropriate.

4. Further increase the speed and reliability of the batch kinetics integrator

code CREKID [3] by rewriting in vectorized form for execution on a vector or parallel

processor, and by incorporating numerical techniques which enhance execution speed

, by permitting sp_cificatlon of a very low accuracy tolerance [4].
t
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ORIG;NAL P/-'.CEt_ i

OF POOR QU;_L_Ty J

811 MARK21 $._
'MARK.I* 1.5 AN INTERACIIVE VERSION OF THE MARK-IT COMBUSTOR MODEL.

_. 1HIS IS A F'RELIMINAF_Y DESIGN TOOL, A MEANS OF GAINING INTUITIVE IUSIOHT
INTO EFFECTS OF CI4ANGES IN FUEL-AIR MIXING OR PARTITIONING ON TURN-DOWN
RATIO, COMBUSTION EFFICIENCY ANIo POLLUTANT F0_MATION RATEg.
AN INITIAL I'ATA SET IS TAKEN FROM PATA FILE "MARK2.DAT ° BUT CAN BE ALTERED
INTERACTIVELY, AND USED IN CONSECUTIVE RUNS.

MAkK-II REFRESEN-S A SIMPLE I,RAGG COMBUSTOR CONSISTING OF A
MAXIMUM OF 9 FLOW ELEMENTS WITH THE ADDITION OF A SINGLE RECYCLE
ELEMENT. FLOW ELEMENT TYPES MAY INCLUI'E;

1) NON-REACTING MIXERS ('MIX'), IN WHICH THE CHEMICAL REACTIONS ARE
ASSUMED TO HAVE STOPPED DURING THE NIXING PROCESS;

2) PERFECTLY STIRRED REACTORS ('PSR'), WITHIN WHICH INTENSE _ELF- OR
IcACK-IIIXING IS ASSUMED TO OCCUR, SO THAT THERE ARE NO AXIAL GRADIENTS;

3) PLUG FLOW REACTORS (°PFR'),
THE USER MAY DEFINE THE MODEL AS HAVING UP TO 9 ELEMENTS IN

SERIES WITH AIR AND FUEL INLET JETS AT EACH ELEMENT. THE RECYCLE ELEMENT
MAY BE OF ANY OF THE THREE FLOW TYPES, AND MUST REcYr, LE FROM A HIGHER
NUMBERED ELEMENT TO A LOWER. COOLING BOUNDARY LAYER EFFECTS AND CHEMICA-
REACTIONS WITHIN THE BDUNIIARY LAYER ARE NUT CONSIDERED.

--- PLEASE WAIT A MOMENT WHILE INITIALIZATION IS COMPLETED.

--- INITIALIZED -- PRESS "RETURN. TO BEGIN --
J¢

_:_ INPUT DAT._ $:;_
FLOW AREA LENGTH FLOW IULET hi6 IfILET FUEL

ELEt'ENT) (U(I. IN) (IHC}tEG) TfF'E (I.'.'M/S) (LD_/5)
1 t.a&OOE_02 4.0000E-01 F_ 1.3 _50E_O0 ?.72)0E-02
2 I..%600E_02 1.0000E-01 h_X &.?&OOE-Ol 0,0000_-0 t
3 I,4AOOE _0" 1.5000E �`�PSRO.O000E-01 O.OOOOE-01
4 1.4500Ef00 2.0000E-01 MIX 7.9500E-01 O.O000E-OI i

hIXT:ZCYCL£ 20.OOZ OF _ 3

OUTFLOW TO % 2 INFLO'.J

_I_'iTFMF' = ._.IOOOEI-02 F CLIHSIJSTO_P°'{_SSUF;F-; _.'_.100=-'_00t_,fM
FL:-L Tr,IF' = _.OC_OOE_OL F L_:JZh HE_Ti;,G V,_L.UE: I,_509E �\�h�:,TU/L_n

S;L"CT A;_ OF'TIOH BY HHhgEF..:
O- F,Ut_ I:ITH THIS DATA 5C..T -4- CI!:-,'I_E t_O,W-'NAt_CC,t."USTDR :":tESSL!_E

-t- Cl1_,'cnE AI,_ TF','*P'ER,_TU_':E -.5- C_;_HGE FcECYCLZ EL Z,'IErlrSTraTUS
-" C,_,_i'_, E FUEL TEMPERATURE -6- ('H-'K,;" FLO'J F.LFhE;]T'3S._flTUS

• ,. .) .,,LI,,-3- Clth_GE LO_,_ER.HFATIHG ":"UE -7- It3FE('T _'cuc"=rrc HOhEL LAYr)HT
F,:T!0,'_._(0-7) 7

I

i

MA_k-II MODEL SCPE,_,_TIC LAYOUT i
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_ FAST ALGORITHMS FOR COMBUSTION KINETICS CALCULATIONS: A COMPARISON*

Kr f slman Radha_n" f shnan**

NI_Sh Lewis Research Center

Many practical problems arising in chemically reacting flows require the

simultaneous numerical integration of larg_ sets of =hemical kinetic rate

equations of the type shown in figure I. The initial value problem is that of

finding the composition and temperature at the end of a prescribed time

interval, given the initial mixture composition and temperature, the pressure,

and the reaction mechanism. Multl-dimensional modeling of reactive flows

requires the integration of the system of ordinary differential equations

(ode's) given in figure 1 at several thousand grid points. To make such

calculations practicable, it is necessary to have a very fast batch chemistry

integrator.

Tn identify the fastest algorithm currently available for the numerical

integration of chemical kinetic ra%_ equations, several algorithms have been

examined. In _he present paper, we summarlze our findings to date -- details

are available in references (I) and (2). The algorithms examined in this work

include t, 9 general-purpose codes EPISODE and LSODE (refs. 3 and q), and three

special-purpose (for chemical kinetic calculations) codes CHEMEQ (ref. 5),

CREKID (refs. 6 and 7), and GCKPSq (refs. 8 and 9). In addition, an explicit

_mge-Kutta-Merson differential equation solver (ref. 10) (IMSL Routine DASCRD)

is used to illustrate the problems assJciated with integrating che "c_l kinetic

rate equations by a classlcal method. These methods are summarized in figure 3.

The algorithms summarized in figure 3 were applied to two test problems

drawn from combustion kinetics. These problems, summarized in figure 4,

included all three combustion regimes: induction, heat release ar"

equil_bratlon, Figures 5 and 6 presert variations of the temperature and

species mole fractions wlth time for test problems I and 2, respectively. Both

-- test problems were integrated over a %ime intec"al c _ I ms in order to obtain

: near-equilibration of all species and temperature.
%

Of the codes examined in this study, only C_EKID and GCKPSq were written

- explicitly for integratlrg e_othermic, non-isothermal combustion rate

equations. These therefore have built-ln procedures for calculating the

temperature (T). For the other codes, two different methods, labeled as Methods

A and B, were used to compute T. The following convention was adopted zn naming

these other codes: those using temperature method A were given the sufflx-A

(e.g. LSODE-A) and zhose using temperature method B were given the sufflx-B

(e.g. LSODE-B). In Method A, T was calculated from the mole numbers and the

_ Inltial mixture enthalpy using an algebraic energy conservation equation (glven

in figure 7) and a New_on-Raphson iteration technique. In this method, the

__ temperature is not an explicit independent variable, so the number of ode's is

Q

• Work partially funded by NASA Grantz NAG3-1q7 and N_G3-294.

•, NRC-NASA Research Associate: on le]ve from The University of Michlgan, Dept.

of Mechanical Engineering m_ Applied Mechanics, _mn _rbor, |II 48109.
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equal to the number, NS, of distinct chemical species in the mixture. The
integrator therefore tracks only the solutions for the species mole numbers. In

; Hethod B, the temperature was treated as an additional independent variable and
evaluated by fntegratin Z its time-derivative given in figure 7. In this method,

: the number of ode's is equal to NS+I, and the tnLezrator tracks the solutt . ;
for both the temperature and the species mole numbers.

All codes were run on the NASA Lewis Research Center's IB)I 370/3033

; computer using single-preclslon accuracy, except GCKPS_ which was in double-
: precision. A typical computational run consisted of initializing the species

mole numbers, temperature, and CPU time. The integrator was then called with

" values for the necessary input parameters. On return from the integrator, the

¢o¢aI CFU tlme required ¢o solve the test problem was calculated. Other

performance parameters were also recorded -- see reference (2) for details.

Figures 8 and 9 present the computational work (expressed as the CPU tlme i

in seconds) plotted against the local error tolerance, EPS, for test problems 1

• and 2, respectively. For all codes except EPISODE, EPS is the local relatlve
error tolerance. For EPISODE, EPS is a mixed error tolerance ---relative fo_

species wlth initially nonzero mole numbers and for the temperature (method B)

and absolute for species with in_tially zero mole numbers. Also shown onl

figures 8 and 9 are the CPU times required by the explicit Runge-Kutta method
" for one value of EPS. Note the excessive CPO times required by ¢hls technique.

Its use would make multidimensional mode]ing of practical combustion devices

* prohibitively expensive.

For test problem I, very small values for EPS had to be used for EPISODE
(figure 8). For values of EPS 2 S x I0-', EPISODE predicted llt¢le or no change '_

In the composi_lon and temperature after an elapsed time of I ms. Similar

remarks apply to test proble_a 2 (figure 9), for which values of 10-" and 10-_
had ¢o be used for EPISODE-A and EPISODE-B, respectively. Although the runs

wlth EPISODE-B and EPS _ S x I0-_ were successfully completed, the solutions

(especially for minor species) were si_nlflcantly different from those given in

figure 6. With GCKPOq and _PS = I0", the solution for test problem i exhibited
serious instabillty and so was termlnated. A more detailed dlscusslon of the

accuracy of the codes tested in thls study can be found In reference (2).

Examination of figure 8 shows that the difference in computational work
required by methods _ and B is small for test problem 1, with method B being
more efficient. For test problem 2 (figure 9), the difference is small for

,_ large values of EPS. But for small values of EPS the difference is more marked,
with method k bein; stgnificanlty superior to method B.

Figures 8 and 9 show that LSODE and CREKID are superior ¢o the other
oodes. EPISODE is an attractive alternative, especially for _est probl,',_ 2. ,
However, in usinz EPISODE, a word of caution is in order. The compu%_tloPal
work tan be strongly dependent on the value for the initial steple,_th (HO) )
selected by the user. k poor _uess for HO can make EPISODE prohibitively i
expensive to use. Figure 10 illustrates this behavior fo_ test pr_.]_m 2. Note
In order of _nitude increase in the CPU time for a change in H¢ from 10 -_ to !'
10 "e s. hlthough not shown here, a poor guess for HO also resulted in ,
Inaccurate and unstable solutions. In addition, as discussed in refe, ence (2),
the error control performed by EPISODE is unsatisfactory for problems of the

£
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type eyamined in this study.

A simple method for incraasinz the efficiency of the algorithms as applied

to the present problem was explored. This involved updating the rate constants

kj and k_j (which was calculated from kj and the concentration equilibrium
constant) only for temperature chan_es greater than an amount AT. To avoid a

trial and error search for the optimum value of &T -- defined as that value

which results in minimum co,_putational work -- an approximation for it was

derived and is presented in figure 11. Comparlsons of figure 12 with figures 7

and 8 show the significant reductions in computational work realized by use of
" the above approxi_ition for AT.
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i Adiabatic, Constant-Pressure,Gas-Phase Chemical Reaction

I
D

)

dn.

; _- = f.(nk,T) ; i,k = I,NS; dt ]

:' -I jJ

_: fi = " p i=IX(vi_- _i")(Rjj - R_j)

_: NS Vkj
' R. = k. II(Pnk)

J J k=l

:' NS v "
kj

R = k ]I(Pnk)
"J "J k:l

J,

! N.

"il kj. : A.Tj J exp ( -Ej/RT ) i

N !

: "J exp(-E jlRT) )k_j A_jT _

In the above equations, !
P

f. = molar rate of formation of species i per unit .lassof mixture,
i kmol-i/kg-mixture s

-' k., k = forward and reverse rate constants for reaction j
nJ_ "J = mole number of species i, kmol-i/kg.mixture
A'.
j, A_j : pre-exponential constants in forward and reverse rate equations for

reaction j i

- Ej, E.j = activation energy in forward and reverse rate equations for reaction j, IcalImole
_' JJ = number of distinct elementary reactions in mechanism

NS : number of distinct species in gas mixture i
R : universal gas constant, 1.987 cal/mol K _

R.j = forward and reverse molar reaction rates per unit volume for reaction j, ' i-" Rj, kmol/m3 s
: T = temperature, K I

p = mixture mass-density, kg/ms i! i!

vij _ij = stoichiometric coefficients of species i in reaction j as a reactant,
and as a product, respectively

Figure l Governing Ordinary Differential Equations
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"_" Given

/' Initial Hixture Composition and Tet....2rature

Pressure

. Reaction Hechani sm

Find, at the End of a Prescribed Time In'cerval

Hixture Composi¢ion and Temperature

- Figure 2 Problem Statement !

q

'I

He thod Description I

CC_LP84 Details not yet available.

.r,ZKtD Varlable-step, predictor-correcter method based on an

exponentlall_-fltted trapezoidal rule; includes filterln_ of

Ill-posed initial conditions and automatic selection of
Oacobi-Newton iteration or Near,on iteration.

l

L LSODE VariaLle-step, varlable-order bac|_ard-dlfferentlation i

EPISODE method with a generalized New_on iteration*. !

-_ CHEMEQ Vat lable-step, second-order predictor-correcter method wlth

. an asymptotic intezration formula for stiff equations. I
[

DASCRU Variable-step, fourth-order, explicit Runge-Kutta-Merson I
r solver.

! *Other options are included in these packages.
If

": Figure 3 Summary of Hethods Studied
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OF POOR QUALITY

Two Problems Descrfbfn_ Adiabatic, Constant Pressure Chemical Reactions

Test Problem 1:

Combustion of a Mixture of 33 _ CO and 67 % H 2 with 100 % Theoretlcal Air
(taken from reference II)

12 Reactions

11 Species + Temperature

Pressure = i0 arm.
J

Initial Temperature = 1000 K
, Reaction Duration: 1 ms

1

! i

i Test Problem 2:

Combustion of a Stolchlometrlc Mixture of H and Air i

(taken from reference 9) 2

30 Reactions

15 Species + Temperature

Pressure = 2 arm.

Initial Mixture Temperature = 1500 K
Reaction Duration: 1 ms

Both Problems Include All Three Regimes of Combustion:

Induction, Heat Release and Equilibration.
u

Figure q Test Problems
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OF POOR QUALITY

- 10-3___ 2500C, 10-3 3000

>" _ I " _ _

o ! / z _"

0 e_

_- 1o-4_ ,.= io-4#lli ! No/ / _ _ =E

7- itll" __,_o:
o ?500

- !!H '-_

,o-,_i/j// ,°-'
j/ l,,. -106 -H 10"6

.20;'Ill II N I

I S/l;Co"2'o.ILLo./i/ i/ I
10-7 # " 1000 10-7 1_00

10-6 10-5 10-4 lO-] 106 10-5 10"4 10"3
t.S t,S

f_gureS - Variationwllh limeo! temperature Figure6 - Variationwithtimeof temperature
andspeciesmoletractionsIor testproblem1. andspeciesmolefractl_sfortestproblemZ. '
SolutiongeneraleclwithLSODE-BandEPS• SolutioogeneratedwithLSOOE-BandEPS•
105. I0-5.
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OF POOR QUALITY
|
: Hethod /_

t

_! For adiabatic, constant-pressure combustion reaction, energy conservation gives
!

l NS
T. n.h. = h = constant (1)

i=l 1 I o

t where, h i : molal-spectfic enthalpy of species i (J/kmol)I :
: and h 0 = mass-specific enthalpy of mixture (O/kg)

In this method, equation (1) was solved for the temperature using a Newton-

Raphson iteration technique.
1
T

lleth_d B ,_

Qt

Differentiation of eq. (1) uith respect to temperature (T) gives 1 !
r!

t

' NS
' rf.h.

dT i:l I I (2)
dt NS

n.c
i=l 1 Pl 1

where, is the constant-pressure specific heat of species I (J/kmol K). I
cP i

$

' ' I
In this method, the temperature was evaluated by integrating equation 121. 1

t

[

Figure 7 Evaluation of Temperature
(for LSODE, EPISODE, and CREDO) , :

i
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:* OF POOR QUALITY J

HO (s) CPU (s)

I
10-i 0.786
10-6 0.783
10-_ 0.791

: 10"* 7.91
" 10-! 8.0q

10-l° 0.772

Figure 10 Example of Effect of Initial Steplen_th (HO)
on Mork Required by EPISODE-_ (EPS = 10 "s)
for Test Problem 2

I

I

JLnapproximate expression for AT -- the maxlmumallowable _emperature

chan_e allowed before the reaction rate constants k. and _ are updated -- wasderived by requiring that the maximumrelative error in resultan_ reaction
rates does not exceed the local relative error tolerance (EPS) required
of the numerlcal solution. The approximation for AT is given by

. AT = EPS.T (3) i

max + Nj ; + N !j RT RT -j ,
p

where, T is the current temperature, the bars] [denote absolute value, and I
the maximumis _aken over all forward and reverse reactions.

L

Figure 11 /Ipproxtmatton for AT
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OF'Po0_" QUAL.j_1_

_lethod Test Problem

1 2

_8_ 0.i3_; z,73
CRE_ID 0 •23 1.O_

LSODE-_ 0•31" 0.$2"

LSODE-B 0.29* 0.SI*

EPISODE- k 0 •75* 0.54*
EPISODE-B 0.70" 0.67
CF_HEQ-_ 6.ql* 13.6"
Cf_HEQ-B 5.69* 12.3"

• meChod incorporated eq. (3)

Figure 12 Minimum CPU Time (in seconds on IBM 370/3033 computer)
Required for the Test Problems
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,* THE ROLE OF SURFACE GENERATED RADICAL q IN CATALYTIC COMBUSTION*

D.A. Santavicca, Y. Stein an, B.S.H. Royce
Princeton University

J

i

The role of surface generated OH radicals in determining the catalytic ignition

- characteristics for propane oxidation on platinum is under study. The experiments are

being co,nutted in a stacked-plate, catalyst bed. Transient measurements, during

catalyuic ignition, of the catatyst's axial temperature profile have been made and the

effect of equivalence ratio, inlet temperature and inlet velocity are being Investl-

I gated. These measurements will provide insights which wlll be useful in planning and

interpreting to Oil measurements. Attempts to measure OH concentration in the catalyst

bed using resonance absorption spectroscopy have been unsuccessful, indicating that OH
concentrations are below I016/cc but still possibly above _quillbrium values.

, Measurements are currently underway using forward scatter laser induced fluorescence
which should extend the OH detection llmlts several orders of magnitude below the

equilibrium concentrations,

INTRODUCTION

The advantages of catalytic com_istlon over conventional combustion are lower

emissions, higher efficiency, increased operational stability, stable opera_ion at
i ."

lower equivalence ratios, improved pattern factors, and wider fuel specifications. ,
The performance of a catalytic combustor Is determined by the intera=tlon of a number

of physical and chemlcal processes, Including convection and diffusion of species,

heat and momentum; conduction and radiation heat transfer in the substrate; and gas
phase and surface chemical reactions. An imoortant, and as yet unresolved, question

regarding the interaction of these fundament.-i physical and chemlcal processes is the i
effect of catalytic surface reactions on the gas phase chemistry. In particular, it
Is the effect of intermediate and radical species, generated by catalytic wall reac-

tions, on the gas phase chemistry which has not been establlshed. That radicals can

be produced by catalytic surface reactions and that at sufficiently high surface tem-
: peratures the radlcals are desorbed by the surface into the gas phase has been well

documented in low pressure flow experiments [l-5]. Howevers the importance of this

phenomenon in catalytic combustion and the role nf these radicals in determining the
performance characteristics of catalytic combustors has not been established.

!

EXPERIHENTS AND STATUS

A schematic drawing of the stacked-plate, catalytic combustor in which the
_ propane-alr catalytic Ignition experiments are being conducted is shown in

Sponsored.by NASA-Lewis, Grant NAG 3-353 and AFOSR, Grant 6475.
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Figure I. The catalyst plate_ are 50 mm wide, I00 mm long and I mm thick. There are
a total of nine plates in the catalyst bed _lth an _nter-plate spacing of 6 mm. The

catalyst plates are made from a steel alloy substrate, coated with aluminum oxide and
then platinum. Six 0.75 mm diameter holes have beau drilled Into the slde of the

center plate at six axtal locations. Thermocouples ha_,e been inserted into these
holes for measurement of the plate's axial temperature profile during ignition. A

water cooled gas sampling probe _nd a thermocouple are used to obtain gas composition

and temperature measurements at the exit of the catalyst bed. Optical access 2s

available _'rough windows in the sides of the test section located at several axlal

positions. The window aperture is I0 mm, therefore the entire distance between two
plates can be probed.

Based on a similar experiment by Cattolica and Schefer [6] it was anticipated
that the OH concentrations _ould be large enough for detection by resonance absorption

spectroscopy. Under the c@pdltlons of this experiment the OH detection limit using
this technique is about lOL°/cc, as compared to equilibrium OH concentrations of _bout

I014/cc (based on the overall equlvalencc ratio and the catalyst temperature - see

Figure 2). Measurements were attempted In the stacked-plate combustor using resonance
absorption and were unsuccessful, implying that the OH concentration is less than

lOl6/cc but still possibly greater than ti)eoverall equilibrium concentration. In

order to extend the OH detection llmlcs it was decided to use laser induced
fluorescence (LIF). _ecause of the llmlted optic_i access with the stacked-plate con-

figuration, it has been necessary to use forward _¢atter collection. The spatial J

resolution with forward scatter collection is comparable to that of the absorption

measurements, which Is adequate for the 2-D flo_ field between the catalyst plates, i
The forward scatter LIF system is cur curly being eval.a_ed in a flat flame burner by

comparing it to simultaneous _bsorptlon measurements, after which it will be applied
to the catalytic combustor. ?

i
Although there have been several [7-9] theoretical studies of catalytic ignition

there have been no experimental studies reported to date. In order to bettsr

understand the characteristics of catalytic ignition, especially for the purpose of

providing insights to guide the Cil experiments, it was decided to investigate the

effects of equivalence ratio, inlet temperature and inlet velocity on catalytlc Ignl-

tlon. _xperlments have been conducted where the inlet temperature and velocity are

fixed, the fuel is turned on and the transient response of the catalyst axial tem-
peratur,_ profile [s measured. Preliminary results from the catalytic Igr tlon experl-

merits are shown in Figures 3-5.
t
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Fig,_:',_I - Schemattc drawing of stacked-plate catalytic combustor wlth OH absorptlom
experiment.
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Figure 2 - 01! eq_lIllhr[um co_centratlon versus temperature for initial equivalence i
ratios of 0.2 and 0.4. Calculated using NASA Equilibrium Code.
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Figure 3 - Normalized temperature versus tlme at XIL - 0.02 _Jnd0.90 for equivalence
_attos of 0.25 and 0.30, 700°K inlet temperature and 6 m/see reference

velocity.
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Figure 5 - Time required for (T-T:[nlet_)/Tfinal-Ttnlet) to go from 0.05 to 0.90 ver-

sus equivalence ratio at X/L - 0,02 and 0.90 for 700=K inlet temperature

and I0 m/see reference velocity.
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_ LINER ENVIRONMENT EFFECTS STUDY

K• S. Venkataramani and E. E. Ekstedt

General Electric Co.

; Aircraft Engine Business Group

p,

Estimation of the heat flux to the combustor /iner ks a key step in the design

of aircraft engine combustion systems. This forms the basis for determining the a

amount of cooling air and the method of introducing it. Currently, this is largely
an empirical effort. Future design constraints such as higher pressures and

temperatures, shorter combustor lengths and tolerance to poorer quality fuels,
however, accentuate the need for a firmer basis for the heat transfer calculations.

In particular, it becomes necessary to account for the radiation contributions from

the flame gases (in spectral bands) and soot particles (continuum) over a wide range
of combustor operating conditions. Analytical efforts to model the liner heat

transfer reflecting the above complexities are hampered by the lack of sufficient f

experimental data for model verification.

The Liner Environment Effects Study Program described here is designed to

address this need. It is aimed at establishing a broad heat transfer data base

under ¢_ntrolled experimental conditions by quantifying the effects of the

• combustion system conditions on the combustor liner thermal loading and on the

flame radiation characteristics.

I "
Five liner concepts spanning the spectrum of liner design technology from the m ;

very simple to the most advanced concepts will be investigated. These concepts _ !

comprise an uncooled liner, a conventional film cooled liner, an impingement/film
cooled liner, a laser drilled liner approaching the concept of a porous wall and a I !
siliconized silicon carbide ceramic liner• The liners will be accommodated in a _.

simple test rig housing a three-inch diameter combustor, i:.'. j
!

Effect of fuel type will be covered by using fuels containing 11.8, 12.8, and i

14% hydrogen. Tests at i00, 200, and 300 psia will provide a basis for evaluating !
the effect of pressure on the heat transfer. The effects of the atomization quality I

and spray characteristics will be examined by varying the fuel spray Sauter mean ,,

'- diameter and the spray angle. Additional parameters to be varied include reference _i

_ velocity, a wide range of equivalence ratio, cooling flow rate, coolant temperature i
• and the velocity of the coolant stream on the backside of the liner. I

., Both spectral and total radiation measurements will be made in addition to i
obtaining extensive liner metal and film temperature data. '

Reference:
t

Claus, RW: Spectral Flame Radiance from a Tubular-Can Combustor, NASA TP-1722,
1981.

%[
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Liner Environment Effects Study Objectives

: Establish Broad Data Base on the Effects of Combustion System

Environment on Combustor Liner Temperatures and Flame Radiation

Characteristics for a Variety of Liner Concepts and Fuel Properties.

Data Will Provide Basis for

• Detailed Combustor Modeling, and

• Combustor Design

• Liner Cooling Designs

• Uncooled

• Film Cooled

•-' • Impingement & Film Cooled

• Ceramic Liner

• Multi-Hole Liner

_=:" 276
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Uncooled & Convectively Cooled Liner

; --L Cooling Cooling I-_] '

Air In Air Out

' tE. JlJ I1 l] .
I '+ J )

="- 4=,-- l'_

• _ _ _, _ ::-=. = _ =/" + Cooling Slot
\

Hot Flow _ _

\ 16 T/C's
8 Axial & 2 !

Circumferential

Locations _ t
+ i

i ,

Film Cooled Liner i ,
a

' i

,, |

I

' I

/
J

i / 12 Film T/C's t 16 Metal Skin T/C's .
+'_ 6 Axial & 2 8 Axial & 2 ;

Circumferential Circumferential :

Locations Locations

i
z
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Impingement/Film Cooled Liner

t

g _
• : , J Impingement "

__/-__ :.__x_______=_._ . Baffle ',

,.

a-12 Film T/C s z_16 Metal Skin T/C's ,
I

• b

_ v

,1i

Ceramic Liner

i
i

i

P w =

_ , _= Film Cooling Slot

_::,iii; /_I;"--"'I-,...-_,._-_..-_L____,-,_ i,,[ ' Ceramic-
. Cold Side T a Embedded Silicon/Silicon :

Hot Side T/C's Carbide (SILCOMP) :,
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Multi-Hole Liner

I
I1

| , !

I,'I

16 Metal T/C's _ _" Film Cooled
12 Film T/C's

' t

I

Test Rig Assembly I i

Combustor Mixing Test Exhaust i

Section / Section / Section / Section-7

/ / 'i
0

J o
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i oRtG|NAL pAGE |_
' oFpoorQuAuTY Combustor Section

4

Machined

, Ring Liner

,t Axial 3"

' Primary t -i .- '

Swlrler _'/
Counterrotating // _'_ I f

Swirler /

Dilution Holes [

[ i /.-,[ I Secondary

Swirler

Mixing Section

Cooling Water

Inlet Port-. Water Outlet

Ports at 10

Circumferential
Locations

i _ - - Ceramic Coating
Base Coat - .002-.O05

' NiCrAly '
Top Coat - Magnesia

Stabilized Zlrconla

! -Spectrometer View Port
Water Jacket / 2 Locations, 180 ° Apart

iner Sleev

Sapphire Window Wide Band Radiometer
Port at 1 Location
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2,

Test Section

: Cooling Air In Bleed Air Exit and
, _ .... _ Instrumentation

' ', Lead Out

fll :!
, ', ,

Test Liner

Exhaust Section

Port for Wide

-.LL, Band Radiometer I
t

t Mounting Pad !

I i ,orRake
, q I

. ._ ., I.

J I_ 7 Element , ,
' r" • _ Gas Sample Rake Lr_ 3

' i J Extension Piece '_"
t _

| Cooling Water
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Test Variables

Parameters Values

Liner 5 Concepts

, Fuel Hydrogen, Wt. % 14.0, 12.8, 1 1.8
t

Fuel Nozzle Spray Angle, Deg 45, 100

Fuel Nozzle Spray, Sauter Mean

Diameter, Microns 75, 150

Equivalence Ratio 0.3, 0.5, 0.8, 1.2, 1.3

Cooling Flow Rates (at 2. I MPa), kg/s 0.14, 0.23, 0.32

Cooling Flow Temperature, K 589, 700, 811, 1000

. Internal Reference Velocity, m/s 9.1, 18.3, 30.0, 41.0

Bleed Flow Rates(at 2.1 MPa), kg/s 0.18, 0.32, 0.45
"t -

Pressure, MPa 0.7, 1.4, 2.1
J
I

Test Instrumentation

Temperatures Flows ,

Burner Air Inlet Burner Air

Cooling Air Inlet Cooling Air
Bleed Air Bleed Air
Air Baffle Fuel

Cooling Air Passage Gas Sample
_-" Liner Metal (16)

Liner Film (12) Exit (7 Element Probe) •

Radiation Pressures

! Total (Wide Band) - 2 Burner Inlet (Pt and P3)

Spectral - Infrared Fourier Cooling Air Passage
Transform Radiometer Inner Impingement Plate

ExitHumidity

J_ Inlet
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Droplet Size Measurement OFPOOR QUALIT'f

J

= Tests will be Conducted with the In-House Droplet

Measurement Devices at 1 atm

= Air-Assist Fuel Nozzle with Several Combinations

of Swirlers and Simplex Tips

• Establish Air Flow Requirements to Achieve Desired

SMD's - Operational Considerations Likely to Require

Compromise

t

J

Air-Assist Fuel Nozzle !

--_:-_-_-N°zzle_"_';Body.."__=-_ '_ ,_,._-__-,_,_FuelSwirler_,_ '

Adapter )J Air Swirler- :'
i

i
t

!
1
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Spectral Radiation Measurement Scheme

_. Mirror
_ Chopper

_ Window

" t Test Section OF PC)ON C<U_-_'_';t

Window

Calibration

sourc_ .......l_ \
: Spectro-

Radiometer

-_- i
1

Control and Data Aquisition
Spectral Radiation Measurements

"1

Test Cell Control Room
- I

_. , Display

I Monitor ,

' tSpectro- I Data Aquisition Disc No. 1
• ' Microcomputer

i Radiometer /
| Disc No. 2

i

. Radiometer
Controller Printer
Console
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SPONTANEOUSIGNITION CHARACTERISTICSOF

GASEOUSHYDROCARBON-AIRMIXTURES

G. Freeman and A. H. Lefebvre
Purdue University

?

Experiments are conducted to determine the spontaneous ignition delay times of
gaseous propane, kerosine vapor, and n-heptane vapor in mixtures with air, and
oxygen-enriched air, at atmospheric pressure. Over a range of equivalence ratios
from 0.2 to 0.8 it is found that ignition delay times are sensibly independent of
fuel concentration. However, the results indicate a strong dependence of delay
times on oxygen concentration. The experimental data for kerosine and propane
demonstrate very close agreement with the results obtained previously by Mullins
and Lezberg respectively.

INTRODUCTION

. Spontaneous ignition is a process whereby a combustible mixture undergoes
chemical reaction leading to the rapid evolution of heat, in the absence of any
concentrated source of ignition such as a flame or spark. In some practical
combustion devices, such as the lean premix/prevaporize combustor which is now
being actively developed for advanced aircraft gas turbine engines, spontaneous t

ignition must be avoided at all costs since it could damage combustor components ,'' 1

and produce unacceptably high levels of pollutant emissions (refs. l and 2). On
the other hand spontaneous ignition is sometimes relied upon to provide the main
source of ignition, as in the compression ignition-engine. I

Spontaneous ignition delay may be defined as the time interval between the
creation of a combustible mixture, say by injecting fuel into air at high tempera- i
ture, and the onset of flame. In view of their practical importance, measurements
of ignition delay times have been conducted for many fuels, over wide ranges of _ i
ambient conditions and in a variety of test vehicles, including constant volume ,
bombs, rapid-compression machines, reciprocating engines, shock tubes, and continu- !
ous flow devices (refs. 3-14). The test methods employed and the results obtained ,

• are described in reviews by Mullins (ref. 3) and, more recently, by Spadaccini and i
__ Te Velde (ref. 5). i

_' Although the subject of spontaneous ignition of liquid fuels has received . I
considerable attention in the past, the role of fuel evaporation in the overall 1

" spontaneous ignition process is still unclear. It was decided, therefore, to
conduct a series of experiments using only gaseous or vaporized fuels, sometimes

[ with the injection of additional oxygen into the flowing air stream, in order to
obtain more accurate data on chemical delay times under conditions where the effects :

r of fuel evaporation are excluded. Having determined the role of chemical kinetics :
. in the spontaneous ignition process, the second phase of the research would then

comprise a number of carefully-designed experiments, using one or more liquid fuels,
in which fuel evaporation time is varied systematically over a wide range while
maintaining the chemical reaction time constant. This could be achieved, for

q
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example, by conducting a series of measurements of ignition delay time, for several
different values of mean fuel drop size (between 20 and 200 microns), while main-
taining constant values of air flow rate, fuel flow rate, air pressure and air
temperature. The results of these experiments, in conjunction with theoretical
analyses, should then lead to expressions for the spontaneous ignition times of
hydrocarbon fuel/air mixtures that take full account of all the physical and
chemical properties of relevance to the gas turbine.

The main purpose of this paper is to present the results of some preliminary
tests that have been carried out at atmospheric pressure using gaseous f_e'-air
mixtures.

EXPERIMENTAL 1

The apparatus employed in the measurement of spontaneous ignition delay time i
is shown schematically in Fig. I. Air is c'Jpplied from a high pressure blower, the i

air flow rate being controlled by an electrically-activated pintle valve fitted
into the blower inlet duct. Air flow rates are calculated from the dynamic pressure
measured in the throat of a bell-mouth orifice through which inlet air enters the
blower.

Two separate heaters are employed to raise the temperature of the incoming air.
A preheat section contains two heaters which consist of coiled ni-chrome resistance
wire would helically around four ceramic support tubes. Each of these preheaters
operates at 3.5 kW, and can be turned on or off independently of the main heater.
The main air heater consists of three hairpin-formed, incalloy-sheathed, "cal-rod"
heating elements. These elements have a maximum sheath temperature of 1150 K and
a maximum input power of 15 kW. Feedback proportional control is used on the main
heater, Both heating sections are heavily insulated.

i
i

The fuel injector designed for the experiments on gaseous fuels and fuel vapors
is illustrated in Fig. 2. For ease of manufacture and assembly, and to ensure
structural integrity, a square tube matrix was constructed to provide the best
distribution of holes as dictated by the round cross-section of the pipe. The
location of each of the twenty-five fuel injection points was determined by dividing
the cross-sectional area of the pipe into twenty-five sections of equal area and
locating an injection point as close as possible to the center of each section.
The objective was to achieve rapid mixing of fuel and air and to attain a uniform
mixture strength in the fuel/air mixture entering the test section.

The fuel delivery system for vaporized fuels is illustrated in Fig. 3. Fuel
is pumped from a reservoir to the fuel vaporizer/heater in the test cell. The
liquid fuel-flow rate is monitored using a rotameter and is regulated by means of a
throttle valve. A back pressure valve is installed at the vaporizer exit to
eliminate the tendency of the vaporized fuel flow to surge due to small pressure
fluctuations in the vaporizer. Since the vaporizer does not respond well to flow

transients, the fuel cut-off valve (located just upstream of the injector) is i', :
equipped with an exhaust line to allow continuous fuel flow, as well as visual ,.

determination of complete vaporization.

The test section consists of a single length of drawn stainless steel tubing,
having an internal diameter of 6.22 cm. Various lengths of tubing are available
and can be joined together or interchanged to vary the length of the test section.
Each segment is jacketed by a thick layer of insulating material to minimize the

286

1984012457-277



° axial temperature gradient in the flowing mixture. The test section is instrumented
with four shielded, stagnation-type thermocouples, located along the axis of the
tube. The axial locations of the four thermocouples are as follows: 1 - at the
fuel injection plane, 2 - 18 cm downstream of the fuel injection plane, 3 - halfway
down the test section, and 4 - at the end of the test section. Thermocouples 3 and
4 are withdrawn when ignition delay times are being measured.

Test Procedure

The experimental procedure developed to determine ignition delay times is as
follows. Initially flow cenditions are set at predetermined values of velocity,
temperature, and equivalence ratio, and the mixture temperature is then slowly
increased. The onset of spontaneous ignition is manifested as a clearly visible
cool flame, accompanied by the odor of aldehydes in the exhaust gases. (Mullins
reported this same phenomenon (ref. 3)). Spontaneous ignition first appears at a
distance of thirty to fifty centimeters downstream of the exit of the test section
as intermittent flashes of flame. As the mixture temperature continues to increase
the flame becomes stable and its location moves slowly upstream. The flame assumes
the shape of a cone with its apex pointing upstream, and has an attached flame
brush extending downstream. The mixture temperature is allowed to increase until
the tip of the flame is located near to the exit of the test section. At this point
the inlet air temperature and the mixture temperature at one or more axi,l locations
are recorded. Fuel flow is abruptly terminated, and temperature are again recorded
at various axial locations in the test section. The delay time is then obtained as
the length of the test section divided by the average velocity in the test section.

The initial mixture temperature, Tm cannot be measured directly because mixing
takes a small, but finite length, so some other method of determining the initial
temperature must be employed. The method that was chosen is to use a temperature
measured at a distance downstream of the fuel-injection plane where the results of
detailed temperature surveys showed that mixing is just complete. This temperature
is then extrapolated back to obtain the true initial value of T_, using as a
baseline the axial temperature profile as measured at several stations along the

m

test section with the fuel turned off. The procedure is illustrated in figure 4,
which shows that the initial value of Tm is determined by lowerir:g the baseline
temperature profile until it passes through Tref. Tref is then taken as the i
temperature where the shifted profile intersects the temperature axis. If the test
section were perfectly insulated this procedure would be superfluous because Tm
would be equal to Tref. However, as a finite heat loss occurs, despite the thick
layer of external insulation, the above procedure is necessary and is considered
satisfactory. °

One drawback to this method is that the temperature profile of the reacting
mixture is not exactly the same as that for air only. By plotting the actual
mixture temperature profile and subtracting from it the air-only profile a graph is
obtained depicting the temperature rise due to reaction, as shown in figure 5. To
minimize errors due to this effect it is necessary to keep x_=f small, although it
must be large enough to ensure that the temperature measurem6_t carried out at xf
is downstream of the mixing region. It would be desirable to measure the axial
temperature profile for each data point, but this is impractical due to the
problems that would arise from insertion of the thermocouple into the flowing
mixture. Insertion of a thermocouple at the upstream end of the working section
would affect the fuel-air mixing process, while its presence further downstream
could easily induce premature autoignition of the mixture.
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' In order to determine whether the presence of the flame front can influence
ignition delay times by supplying heat or active species to the incoming fresh
mixture, a nitrogen quench system was installed. This system includes a solenoid
valve which can be opened and closed very rapidly to inject a transient flow of

cold .:itrogengas into the test section. Injection of n_trogen causes the auto-
ignition flame to vanish, but when the nitrogen flow is abruptly terminated the
flame reappears instantly at its original location. This suggests that the

: presence of the flame has no discernible effect on ignition delay times, which is
_ consistent with the observations of Spadaccini (ref. 9).
i

Although the flame position tends to remain fairly constant it occasionally
leaps forward a few centimeters and then, almost instantaneously, returns to its T
original position. This phenomenon was also noticed by Mullins (ref. 3) who
attributed it to inadequate mixing of fuel and air, resulting in pockets of rich
mixture in the flow approaching the flame. This explanation is considered unsatis-
factory, at least in its application to the present investigation, partly because
the results of many detailed temperature surveys have shown that mixing is complete
well upstream of the autoignition flame, and also because it is generally found that
ignition delay times are fairly insensitive to variations in fuel/air ratio. No • i
attempt has been made to study this phenomenon because it only occurs during the _
phase when the mixture temperature is being slowly raised in order to coax the
autoignition flame toward the exit of the test section. Close to the test section

i the flam_ position usually remains quite steady so that measurements of ignition

delay time can be made with good accuracy. : JL

RESULTS i

From global reaction rate considerations the chemical ignition delay time can

be expressed as _

_ exp (E/RTm) [Fuel]m [Oxygen]n (1) !i
i

where T = ignition delay time, ms _ !

t 'Tm = initial mixture temperature, K ]

E = global activation energy, kcal/kg, mol. "' !
I

R = universal gas constant, kcal/kg mol -K _• ? ;

[Fuel] = fuel concentration _
i

t[Oxygen] = oxygen concentration _ .

' The form of equation (I) suggests that a plot of In T versus I/T_ should yield ._ i
a straight line with a positive slope, and this is borne out by the r_sults s_own ,_
plotted in figure 6 for propane-air mixtures at a constant equivalence ratio of 0.5. ._
The line displayed in this figure is drawn through three sets of data points 4
corresponding to three different lengths of test section. The value of activation

energy, E, calculated from the slope of this line is 38,200 kcal/kg, mol. i

It is of interest to observe that all the data points lie in close proximity
to the line drawn in figure 6. This is in marked contrast to the results ofaprevious

, investigation where it was found that ignition delay'time was very dependent on the 1
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length of the test section employed (ref. 15). This problem was attributed to
excessive heat loss from the duct walls and was overcome effectively by increasing
the internal diameter from 2.54 to 6.22 cm, and by applying a thick layer of
insulating material to the outer pipe wall.

The results obtained using mixtures of vaporized kerosine with air are shown
in Fig. 7. The straight line drawn through the data points in this figure corres-
ponds to a value for E of 40,900 kcal/kg, mol.

, Equivalence ratio was varied over a range from 0.2 to 0.8. For propane the
results showed that equivalence ratio has an almost negligible effect on T, although
an increase in equivalence ratio tends to produce a 'stronger' tail flame.
Equivalence ratios higher than 0.8 could not be used due to problems of flashback.
It was found that as the auto-ignition flame located downstream of the test section
was brought slowly upstream by gradually increasing the mixture temperature, it would i
suddenly flash upstream and stabilize on the fuel injector, thereby obscuring any
results and incurring risk of damage to the injector.

Mixtures of vaporized n-heptane and air also exhibited only a slight dependence
of ignition delay time on equivalence ratio. Analysis of the results showed that
T _ [fuel]-0.23.

The results obtained for mixtures in air of propane, vaporized n-heptane,
and vaporized Jet A, are shown in Fig. 8. The equivalence ratio is 0.5 in all

, ' cases. From inspection of this figure it is apparent that all three lines run
roughly parallel to each other, thereby indicating that all three fuels have about
the same value of activation energy. Moreover. it is also clear that ignition delay
times for propane are appreciably longer than those for Jet A. ,

Figures 9 and lO show for propane and vaporized kerosine respectively the i i
effect of replacing some of the nitrogen in the air by oxygen, while maintaining _ '
the fuel concentration constant. Analysis of the results shows that for propane i
T _ [oxygen]-u'_, while for kerosine T _ [oxygen]-0.65.

In figure II the experimental data obtained in the present investigation for I
propane-air and Jet A-air mixtures are plotted, for the purpose of comparison,
alongside the results of previous workers as compiled by Chiappetta and McVey
(ref. 6). It is of interest to note that the results for Jet A (kerosine) show ; ,
striking agreement with those of Mullins (ref. 3), who also conducted his experi-
ments at normal atmospheric pressure. Equally noteworthy is the close consistency
between the propane data obtained by Lezberg (ref. 14) and the results of the
present experiments.

CONCLUSIONS '

From the results of experiments conducted at atmospheric pressure on the
influence of mixture temperature on the spontaneous ignition delay times of mixtures
with air of propane, n-heptane vapor and kerosine vapor, the following conclusions

. are drawn.

1. Ignition delay times can be expressed in terms of mixture temperature, fuel
concentration, and oxygen concentration, by the equation

_ _ exp [E/RTm] EFuel]m [Oxygen]n
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" 2. For the fuels employedin this study the value of E is fairlyclose to
40,000kcal/kgmol. For example,for propaneE = 38,200kcal/kgmol.,
while for kerosineE = 40,900kcal/kgmol.

3. The dependenceof ignitiondelaytime on fuel concentrationis quite small,
i.e.m = O. Of the fuelsexaminedthe strongestdependenceon fuelconcentra-
tion is exhibitedby n-heptane,for which m = -0.23.

. 4. Ignitiondelay times are stronglydependenton oxygenconcentration.For
propanen = -0.59,while for kerosinen = -0.65.

5. The experimentaldataobtainedin the presentinvestigationfor propane-air
and kerosine-airmixturesare remarkablyconsistentwith the resultsof
previousstudiesby Lezbergand Mullinsrespectively.

T
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"- RANDOM VORTEX METHOD FOR CO_USTING FLOWS

_ C.J. Marek

[ NASA Lewis Research Center ,
t_

t:

t

The random vortex method RVM of Chorin _is been developed by the

University of California - Berkeley to compute turbulent, reacting,

[[ recirculating f)ows,ref. I. The RVII method models turbulence from fi_qt

principles, tracking the vorticity and obtaining the interaction of vorticit M

with the bulk flo_t field. A computer prograra has been produced called MI_OC, h

" Hodeling the Interface Hotion of Combustion, which ccn be used to calculate the

reacting flou field beninn a rearward facing step, ref. 2

Several comparisons between experimental data and calculations have been

made, refs. 3-4. The RVM method computes qualitatively good results, but the

quantitative agreement as yet is not completely satisfactory. Much of the

difficulty may be caused b_ the treatment of boundary conditions and the

_ techniques used for obtaining statistical averages of velocitles and turbulence

quantities. For the rearward facing step the computed re_ttachm.ent length
equals the experimental value as shown in figure i. However the reverse

velocity in the recirculation zone is over predicted by 300 percent, figure 2.

:'_ In th_ calculations, a uniform entrance velocity was assumed with no boundary

_ layer at the step lip. This high velocity moy be overdriving the reverse flow (

region. The profile shown in figure 2 is the worst agreement obtained. Figure l

3 shows that the time steps u_ed to obtain _he statistical average also is •

important. _s the calculation continues, stationary values should be obtained } ..

for the mean values, but the averages mu_t be taken over the time of several Ilarge scale vortex sheddings. !

In house calculations are being conducted to look at the comparison
between the turbulence quantities and the exp-rlmental values.

I
Recent calculation_ by llsiao, ref. _, show much better agreement between !

computations of the mean velocities and experimental data, figure _. Hslao has i
included the inlet passage within the calculation domain. The statistical {

" quantities are not in good agreement, figure B, but the averages were computed

over only 20 time steps.

<" The results from the RVH method have been very encouraging and much can be

learned through continued study of the calculation method.
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AERODYNAMIC FEATURES OF FLAMES IN PREMIXED GASES

A.K. Oppenheim

University of California, Berkeley

&

7

A variety of experimentally established flame phenomena in premlxed

gases are interpreted by relating them to basic aerodynamic properties

of the flow field. On this basis the essential mechanism of some well

known characteristic features of flames stabilized in the wake of a

bluff-body or propagating in ducts are revealed• Elementary components

of the flame propagation process are shown to be: (I) rotary motion, (2)

self-advancement, and (3) expansion.
*

Their consequences are analyzed under a most strict set of ideali-

zations that permit the flow field to be treated as potential in charac-

ter while the flame is modelled as a Stefan-llke interface capable of

exerting a feed-back effect upon the flow field. The results provide an

insight into the fundamental fluld-mechanical reasons for the experimen-

tally observed distortions of the flame front, rationalizing in particu-

lar its ability to sustain relatively high flow velocities at amazingly

low normal burning speeds.

_.
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i_ TRANSIENT FLOW COMBUSTION

"_ Robert R. Tacina

N_S_ Lewis Research Center
",r

_, Non-steady combustion problems can result from engine sources such as
_ accelerations, decelerations, nozzle adjustments, augmenter ignition, and air

perturbations into and out of the compressor, hlso non-steady combustion can be

generated internally from combustion instability or self-lnduced oscillations.
premlxed-prevaporized combustor would be particularly sensitive to flow

transients because of Its susceptabillty ¢o flashback-autolgnitlon and blowout.

_m experimental program, the "Transient Flow Combustion Study" is in progress ¢o /
study the effects of air and fuel flow transients on a premIxed-prevaporlzed
combustor.

This experiment is to be performed at LeRC CEBb, test stand 3. The
transient capability is provided by high response hydraulic valves (full
traverse in 100 ms) that are installed J_pstream and downstream of the test
section to control airflow and pressure and fn the fuel line to control fuel

flow. Figure I shows the salient features of the test rig and the hardware.
, Nonvltlated preheated air flows through the upstream control valve to a

[ diffuser _ection with straightening vanes to provide a uniform velocity profile

/ to the test section. The inlet velocity profile is measured with a traversing
total pressure probe. Test hardware for lean premlxed-prevaporized comhustor

tests is shown. The airflow splits at the test section inlet. Half the air goes

through the center zone for prefixing- prevaporizing with the fuel and

downstream burning. The other half enters an outer annulus and is used for film

cooling in the dolmstream burning section. In the center zone, fuel is

distributed uniformly by a concentric multl-polnt fuel injector. The fuel i
injector can be located either 15 cm or 38 cm upstream of the flameholder. The

fuel-alr distribution is measured in a plane 4 cm upstream of the flameholder

with a traversing probe. High response pressure transducers, thermocouples and _

photodetector installed in the premlxin_-prevaporlzlng section to monitor ,|are

transient response, in particular to detect if autoignitfon or flashback should
occur. Downstream of the premlxing-prevaporlzin_ section there is a perforated

plate flameholder and a combustion section. The walls of the flame tube are film !
cooled. The exit conditions will be measured wlth a traversing total pressure,

temperature and emissions probe. Emission measurements will only be taken at

steady state conditions. The bacl¢pressure valve is a specially designed water

cooled valve. This eliminates the need to cool the combustor exhaust products ,
wlth water spray upstream of the back pressure valve. Water spray upstream of

the valve can introduce flow transients if there is two-phase flow.

i Preliminary tests have been performed at an inlet air temperature of 600 K,• a reference velocity of 30 m/s, and a pressure of 700 l_a. Ramping the airflow
, down (at constant fuel-air ratio) indicated that this combustor is less .,

sensitive to flashback than anticipated. The airflow was reduced to 1/3 of its

orglnal value in a q0 ms ramp before flashback occurred. Rampln_ the airflow up
has shown that blowout is more sensitive than flashback to flow transients.

I Blowout occurred with a 2B percent increase in airflow (at a constant fuel-air

ratio) in a 20 ms ramp. Combustion resonance has been found at some conditions
and may be important in determininz the effects of flow transients.
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COMBUSTOR FLAME FLASHBACK
!

Margaret P. Proctor
, Case Western Reserve University
!

! David N. Anderson

NASA Lewis Research Center

and

,James S. T'len

Case Western Reserve University

Flashback, a problem that occurs in premixed-prevaporized combustors, is the
upstream propagation of the flame from the combustor into the premixing tube. Not

only does flashback change the combustion process from premixed burning to diffusion

burning, thus creating more pollutants, but it also inflicts considerable damage to

the fuel injector, premixing tube and other equipment upstream. This study attempts
to define the conditions at which flashback occurs in steady burning and the mechanism

that causes flashback in both steady and transient flow.

Part of the experimental setup is shown in the attached figure. The stainless

steel test section is a two-dimensional (rectangular cross-section) center dump

combustor. The 4" x I" premixing tube, 6"-long, dumps into the 4"x4" combustor,

10"-long. The combustor empties into the exhaust plenum through a 2"-diameter hole

that may be partially blocked by a conical plunger. Movement of the plunger, powered 1
by two solenoids, creates a pressure pulse for transient data. The fuel injector

stationed 1½" upstream of the premixer in the transition section supplies gaseous

propane to the test section• One or both sides of the test section may be fitted

with ½"-thick quartz windows to view the entire combustion process.

The equivalence ratio at which flashback occurs is being measured for inlet i

temperatures of 600-950 K, premixer wall temperatures of 450-1050 K and premixer i

velocities of 40-80 ft/s These data will be presented It is hoped that by the

time of the conference high speed film will be available to show the mechanism of

flashback• Future work involves the buildup of a slightly modified Hastelloy test
section that will withstand inlet temperatures of II00 K. Transient data will also
be collucted.
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